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Abstract

Investigating Combinatorial Extrinsic Regulation of Pluripotent and Neural Stem Cells for
Applications in Regenerative Medicine

by

Riya J Muckom

Doctor of Philosophy in Chemical Engineering

University of California, Berkeley

Professor Douglas Clark, Co-Chair

Professor David Schaffer, Co-Chair

The potential for a biological stem cell to replenish itself as well as create diverse functional
cell types leads to many applications in the field of regenerative medicine, such as disease
modeling or cell replacement therapies. However, many of these applications rely on clear
understanding and efficient control of regulatory processes that govern expansion and
differentiation of stem cells. In its natural environment, a stem cell resides in a complex
niche that presents multiple forms of instructive or selective signals simultaneously that act
as “inputs” for cellular biochemical processes. Interestingly, combinatorial presentation of
multiple signals have reported synergistic effects that cannot be predicted from linear
addition of the signals in isolation. Here, we apply a novel in vitro culture system to
systematically and effectively dissect combinatorial signaling environments for adult
hippocampal neural stem cells and pluripotent stem cells to advance our fundamental
understanding of these cellular systems as well as derive insights to aid in the clinic
translation of potential cell replacement therapies.

Numerous biochemical cues from the endogenous hippocampal NSC niche have been
identified as modulators of NSC quiescence, proliferation, and differentiation; however, the
complex repertoire of signaling factors within stem cell niches raises the question of how
cues act in combination with one another to influence NSC physiology. To help overcome
experimental bottlenecks in studying this question, we adapted a high-throughput
microculture system, with over 500 distinct microenvironments, to conduct a systematic
combinatorial screen of key signaling cues and collect high-content phenotype data on
endpoint NSC populations. This novel application of the platform consumed only 0.2% of
reagent volumes used in conventional 96-well plates, and resulted in the discovery of
numerous statistically significant interactions among key endogenous signals. Antagonistic
relationships between FGF-2, TGF-β, and Wnt-3a were found to impact NSC proliferation
and differentiation, whereas a synergistic relationship between Wnt-3a and Ephrin-B2 on
neuronal differentiation and maturation was found. Furthermore, TGF-β and BMP-4
combined with Wnt-3a and Ephrin-B2 resulted in a coordinated effect on neuronal
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differentiation and maturation. Overall, this study offers candidates for further elucidation
of significant mechanisms guiding NSC fate choice and contributes strategies for enhancing
control over stem cell based therapies for neurodegenerative diseases.

Additionally, the promising outlook for hPSC-derived cell therapies leads many to consider
the development of manufacturing processes to meet the patient demand for such
therapeutics. Toward this aim, 3D culture systems for hPSC differentiation are emerging
because of their potential for higher expansion and yield of target cell types compared to
2D culture systems. Therefore, the ability to screen through a multifactorial parameter
space of exogenous chemical cues for 3D hPSC cultures would greatly accelerate the pace
of discovery and development of efficient in vitro differentiation protocols for target cell
types of interest. Here, we demonstrate the advanced capabilities of a 3D micro-culture
platform that we employ to screen through more than 1000 unique combinations of 12
independent 3D culture parameters to derive Olig2+Nkx2.2+ oligodendrocyte progenitor
cells (OPCs) from hPSCs with 0.2% of the reagent volumes used in 96-well plates. We
leverage novel fluorescent hPSC reporter cell lines to live-monitor proliferation and
differentiation for over 80 days in the 3D micro-culture system. The robust data set
enabled statistical modeling of the OPC differentiation process to uncover interactions and
differential sensitivities to culture parameters such as hPSC seeding density, Retinoic Acid
dose, Wnt pathway agonist CHIR dose and duration, SHH pathway agonist SAG dynamics,
and combinations thereof. To show the generalizability of the platform, we then applied it
to simultaneously assay 90 unique differentiation protocols to derive TH+ midbrain
dopaminergic neurons from hPSCs. Overall, we demonstrate a strong methodology for
upstream microscale screening/optimization to inform downstream scale-up processes to
improve 3D production strategies of hPSC-derived CRTs.

Finally, as stem cell therapeutics continue to emerge in the clinic, upscaling processes must be
developed to bridge the gap between microscale screening and patient demand. Toward this
aim, we describe a pilot study to assess a stirred bioreactor configuration for the upscaling
of 3D thermoreversible gel-encapsulated OPC production from hPSCs. Initially, we use
computational modeling to predict and quantify the effect of stirred agitation on glucose
concentration and shear stress profiles at a cross-section of the bioreactor vessel. Then, we use
a pilot bioreactor system to measure hPSC viability, proliferation, and OPC differentiation
with and without stirred agitation. Coupled together, screening and upscaling processes
serve to accelerate the pace of discovery and development of much needed CRTs.
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Chapter 1

Introduction

1.1 Stem Cells in Regenerative Medicine

A stem cell is a type of biological cell within multicellular organisms that is characterized
by it’s capacity to self-renew and differentiate into a range of mature cell types. Generally,
Adult Stem Cells (ASCs) are found in various organ systems of the adult body and have
the potency to develop into cell types contained within the tissue of origin, such as adult
neural stem cells (Figure 1.1) [1–4]. Pluripotent Stem Cells (PSCs), on the other hand, have
a broader potency to develop into all mature cell types in the body, except germ cells, and
are either found in the blastocyst of a developing embryo, termed Embryonic Stem Cells
(ESCs) [5, 6], or created in vitro by induction of pluripotency in terminally differentiated
cells, termed induced Pluripotent Stem Cells (iPSCs) [7, 8].

The potential for a stem cell to replenish itself as well as create diverse functional cell types
leads to many applications in the field of regenerative medicine. For example, both ASCs and
PSCs are being considered as sources of cell replacement therapy for numerous degenerative
diseases [9–14]. Additionally, iPSCs from diseased patients can be differentiated into terminal
cell types that can be used as disease models for fundamental biological studies or used in
screening experiments for discovery of novel therapeutic agents [15–18]. Overall, many of
these applications rely on clear understanding and efficient control of regulatory processes
that govern expansion and differentiation of stem cells.

1.2 Regulation of Stem Cell Fate

A single stem cell can be abstracted to a unit process where the "system boundary" is the cell
membrane that separates the intracellular environment from the extracellular environment.
Molecular "inputs" are recieved by the cell and an "output" phenotypic response is calculated
by the cell (Figure 1.2). The output response of a stem cell can be governed by both intrinsic
and extrinsic regulatory mechanisms [19].
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Figure 1.1: Neural stem cells from the adult hippocampus are able to remain quiescent, self
renew, or differentiate into the major cell types in the adult brain - neurons and glia.

Figure 1.2: A stem cell is a unit process that recieves input signals to compute output
responses, for example Wnt ligands induce neurogenesis in adult neural stem cells.
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1.2.1 Intrinsic Regulation

The state of intracellular components within a stem cell confers competence to undergo
various phenotypic transformations, such as a neural stem cell’s capability to differentiate
into a neuron [20, 21]. For example, the receptor expression profile of the cell, or the
epigenetic state of the cell’s DNA (altered by methylation or histone modifications) can
limit a cell’s competency to act on certain extracellular signals [22]. Additionally, the
subcellular localization of organelles during cell division can lead to differential fate
outcomes for daughter cells in the same extracellular context [23]. Intrinsic determinants of
cell fate modulate the cellular response to extrinsic signals.

1.2.2 Extrinsic Regulation

Extrinsic regulation involves extracellular signals (in the form of biochemical molecules or
biophysical forces) that activate specific receptors on the cell surface that relay
microenvironmental information to the cell nucleus by way of intracellular signal
transduction cascades. In the nucleus, transcriptional regulation is initially modulated in
response to the external environment on a short timescale (minutes-hours). Cumulative
changes in transcription over long time scales (hours-days) then emerge as a discrete
“output” phenotypic response, such as cell cycle arrest, cell division, differentiation into a
specialized cell type, or cell death [24].

In its natural environment, a stem cell resides in a complex niche that presents multiple
forms of instructive or selective signals simultaneously that act as “inputs” for cellular
biochemical processes [25–27]. Signals from the niche can include cell-extracellular matrix
(ECM) interactions, cell-to-cell interactions with neighboring cells, and soluble cues that
have been secreted from short-range or long-range distances (Figure 1.3). The extracellular
matrix (ECM) of the stem cell niche is composed of a mixture of fibrous proteins,
proteoglycans, glycosaminoglycans such as collagen, gelatin, heparan sulfate, laminin, and
fibronectin, that contain peptide motifs which engage integrin receptors on the cell surface
and activates signaling pathways in the cell [28]. Soluble cues that are secreted and diffuse
from local regions or transported from distant organs through the blood stream can also
activate signal tranduction cascades and phenotypic changes in stem cells, such as FGF,
BMP, and TGF-β [29]. Finally, ligands that are bound to the cell surface of neighboring
cells can activate signaling pathways in stem cells, such as Delta and Ephrin ligands for
Notch and Eph receptors, respectively [30, 31].

1.3 Investigating Combinatorial Extrinsic Regulation of
Stem Cell Fate

Interestingly, combinatorial presentation of multiple signals have reported synergistic
effects that cannot be predicted from linear addition of the signals in isolation [32]. Also,
variation in the temporal sequence of signals can alter cell responses [33]. In vitro culture
systems can be harnessed as models to study the regulatory roles of extracellular signals in
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Figure 1.3: Different classes of biochemical molecules that act as extrinsic regulators of stem
cell fate include soluble cues, ECM interactions, and cell-to-cell interactions.

combinations and temporal variations. These studies not only contribute to our
fundamental understanding of stem cell regulation, but also can be applied toward
translational endeavors such as optimization of directed differentiation protocols of cell
types considered for cell replacement therapies.

1.3.1 Previous Work

Numerous studies have applied in vitro combinatorial screening methodologies to
investigate various questions in stem cell systems and have elicited fundamental and
translational insights that would not otherwise be predictable from the activity of signaling
cues individually. Here we describe some recent studies that examined combinatorial effects
of extracellular matrix (ECM) proteins, cell-to-cell interactions, and/or soluble cues toward
the aim of recapitulating the complexity of respective stem cell niches for fundamental
insights on stem cell regulation.

The patterned immobilization of proteins on a tissue culture surface has enabled controlled
and systematic analysis of combinations of ECM components for better understanding the
regulation of stem cells, such as for differentiation studies of embryonic neural stem
cells. [34, 35] Additionally, miniaturization of the sample size is advantageous for reagents
that may be cost-prohibitive, or cell types that are hard to expand in vitro, such as for the
regulation of the endothelial-to-mesenchymal transformation. [36] Additional studies have
identified combinatorial ECM compoenents that enhanced endothelial cell survival, nitric
oxide production, and CD31 phenotypic expression [37] elucidated aspects of
microenvironmental regulation of liver progenitors. [38]
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New developments have further refined the exposure of signals to just the active peptide
sequences within larger biomolecules in the cancer stem cell niche [39] or by increasing the
patterning resolution of ECM proteins to the nano-scale. [40] Polymer pen lithography was
applied toward studies of mesenchymal stem cell adhesion and differentiation. [41]
Additionally, researchers have dramatically increased throughput of combinatorial
parameter space using a bead-based signaling approach. [42]

Combinatorial studies in 3D culture systems are also emerging and enable assays that
retain a more natural cellular cytoskeletal structure by avoiding the forced polarization of
cells adherent to a 2D surface. These systems have provided information on combinatorial
ECM influences on hESC differentiation [43] and hMSC-to-osteoblast differentiation [44].
Recently, light patterning has enabled combinatorial gradients of cell-to-cell or cell-to-ECM
interactions in 3D hydrogels, which was applied to study mesenchymal stem cell
biology. [45]

Many of the previously described studies that applied immobilization techniques were able
to use a shared media phase across different culture conditions, as ligands of interest in
their screens were not able to diffuse freely and did not risk confounding the results. For
combinatorial screening of soluble cues, independant culture areas are necessary to ensure
separation of different signaling conditions, as the soluble cues are free to diffuse through the
media. One strategy applied here is separate microfluid chambers for full factorial analysis
of soluble cues in iPSC to cardiomyocyte differentiation. [46] Alternatively, more traditional
well-plate systems with robotic liquid dispensers have prevailed for long timescales in 2D [47]
and for shorter timescales in 3D. [48] Further innovation in culture platforms could enable
combinatorial screens of soluble cues that have been difficult to achieve in the past.

1.3.2 Proposed Work

The purpose of this work is to demonstrate the capabilities of a unique microculture
methodology to investigate the effects of combinations and dynamics of soluble biochemical
stimuli on neural and pluripotent stem cell fate specification, in 2D and 3D cultures, to
increase our fundamental biological understanding and derive translational insights for
these systems (Figure 1.4).

Aim 1 – High-Throughput Assay Development

Objective: Develop upon an existing platform to create a high-throughput, micro-scale in
vitro endpoint phenotype assay for stem cells; test for cell viability and preservation of
characteristic stem cell attributes. Hypothesis: Stem cell viability and characteristic
attributes (proliferative and differentiative capacity) are preserved when adapting stem
cells to miniaturized culture system.

Aim 2 – Characterize Effects of Combinatorial Signaling on Stem Cell Phenotype

Objective: Apply high-throughput method to measure the phenotypic endpoints of neural
and pluripotent stem cell cultures in response to a large set of combinations of biochemical
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Figure 1.4: Microscale culture system for analysis of combinatorial soluble cues for stem cells
in 2D and 3D. The system is composed of two halves – a chip with 532 x 750 μm wide pillars
onto which cells can be deposited with a liquid dispensing system and a chip with 532 x 800
nL wells into which culture media and signaling cues can be dispensed – where placing the
pillar chip into the well chip enables long term cell culture and subsequent imaging.

stimuli and apply statistical modeling approaches to elucidate trends between stimuli
combinations and phenotypic response. Hypothesis: Stem cells respond to combinations of
biochemical stimuli in ways that cannot be extrapolated from linear addition of the single
stimuli phenotypic endpoints.

Aim 3 – Investigate Sensitivity of Dynamic Presentation on Stem Cell Phenotype

Objective: Characterize the effects of dynamic biochemical stimuli and analyze the
phenotypic endpoints of neural and pluripotent stem cells. Hypothesis: Temporal
modulation of stimuli can uncover potential intracellular priming relationships between
endogenous biochemical cues, which enhances stem cell ability to respond more robustly to
specific endogenous biochemical stimuli.

6



Chapter 2

Developing a System to Investigate
Combinatorial Stem Cell Regulation

2.1 Introduction

The objective of this chapter was to develop upon an existing microchip technology [49, 50]
to create a reliable system for the high-throughput, micro-scale in vitro endpoint phenotype
assay for the study of combinatorial soluble signaling environments on stem cell proliferation
and differentiation. The high-level workflow of this system can be separated into four major
components (Figure 2.1).

1. Combinatorial liquid dispensing

2. Miniaturized stem cell culture

3. Fluorescence microscopy and image quantification

4. Data Handling and Visualization

The following results describe development of each sub-component to create a reliable and
quality controlled system for the high-throughput study of stem cells in combinatorial
signaling environments.
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Figure 2.1: A) High-level workflow for high-throughput studies of combinatorial signaling environments. The four major
components of this workflow are: combinatorial liquid dispensing, miniaturized cell culture, microscopy, and image analysis.
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2.2 Experimental Procedures

2.2.1 Robotic Liquid Handling and Dispense Validation

All liquid dispensing into the microculture platform was performed with a DIGILAB
Omnigrid Micro liquid handler with customized programs for deposition patterns.
Colorimetric dye or fluorescent beads were used to visualize dispensing patterns.

2.2.2 Micropillar Culture

Micropillar and microwell chips (MBD Korea) made of polystyrene were manufactured by
plastic injection molding as described previously. [49, 50] The micropillar culture chip was
coated in laminin by placing into a microwell chip (MBD Korea) containing a solution of
laminin diluted in sterile PBS overnight. Stem cells in suspensions of media or liquified
hydrogel were deposited onto the micropillars and left pillar side up for at least 30 min to
allow cell cultures to settle and adhere to the surface or gel. The micropillar chip was then
inverted and placed into a fresh microwell chip containing cell culture media.

2.2.3 Immunocytochemistry

At the endpoint of the experiment, the micropillar chip was carefully removed from the
wellchip and placed into a bath of 4% parafomaldehyde for 15 min to fix cell cultures. Then,
the micropillar chip was washed twice in PBS for 5 min each and placed into a bath of 0.25%
Triton-X + 5% donkey serum in PBS for 10 min to permeabilize cells. After permeabilization,
the micropillar chip was washed 5 times in 5% donkey serum for 5 min each, dried, and
transferred to a wellchip containing primary antibodies of interest diluted in PBS+donkey
serum (dilution details in Table A.2) and stored overnight at 4◦C. After primary staining,
the micropillar chip was washed twice in PBS for 5 min each, dried, and then placed into a
microwell chip containing the corresponding secondary antibodies (dilution details in Table
A.2) and incubated at 37◦C for 2 h. After secondary staining, the micropillar chip was
washed twice in PBS for 5 min each, dried, and then placed into a wellchip containing
PBS and individual microenvironments were imaged using automated wide-field fluorescent
microscopy.

2.2.4 Automated Wide-Field Fluorescence Microscopy

Stained cultures were imaged with a 20x objective using a Molecular Devices ImageXpress
Micro automated wide-field fluorescence microscope available in the Shared Stem Cell Facility
at UC Berkeley. Lamp exposure time was kept constant for a fluorescence channel within
an imaging set.
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2.2.5 Automated Confocal Fluorescence Microscopy

Stained cultures were imaged with a 20x water objective using a Perkin Elmer Opera Phenix
automated confocal fluorescence microscope available in the High-Throughput Screening
Facility at UC Berkeley. Laser exposure time, gain, and laser power was kept constant for a
fluorescence channel.

2.2.6 Image Analysis and Statistical Methods

Background fluorescence was removed from all images using a rolling bar radius algorithm
using ImageJ. [51] Feature extraction was performed with ImageJ application
NeuriteTracer [52] and custom image processing scripts or Harmony Image Analysis
software (Perkin Elmer). Quantified image data was then imported into Python for
statistical data analysis [53] and data visualization [54].

2.2.7 Computer Aided Drafting and 3D printing

AutoCAD software was used to design and draft custom pieces for the Chip Swapper device.
Then, the .stl file of the 3D draft was uploaded into PreForm software for 3D printing on
the Form2 desktop stereolithography (SLA) 3D printer using standard black resin. After
3D printing, devices were washed in isopropanol in a chemical fume hood for 20 minutes to
remove non-cured resin and dried overnight to evaporate excess isopropanol.

2.3 Results

2.3.1 Creation of Liquid Dispensing Algorithms for Combinatorial
Screens

Full factorial Design of Experiments (DoE) methodology was selected to explicitly quantify
interaction effects between signaling cues [55]. We first employed a colorimetric dye to
validate that our custom robotic liquid handling program was able to dispense all cues into
the intended positions on the microwell chip to create 64 unique combinations from the six
cues listed previously (Figure 2.2). We then expanded on this capability by incorporating
multiple dose levels of the factors of interest totalling 90 unique culture combinations of
the four different factors of interest (Figure 2.3). Finally, we designed patterns to probe
the effects of gradual changes in soluble cue composition, a 3-way gradient, for applications
where the total solute concentration needed to be fixed (Figure 2.4), such as optimizations
of composition balance. All dispensing patterns have at least four technical replicates built
in for downstream statistical analysis.
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Figure 2.2: Liquid Dispensing program for 2n Full Factorial Design for Soluble Cues in
Microchip for up to n=7. A) Dispense pattern for individual cues and the overlaid result for
27 combinations. B) Robotic liquid dispensing validation of custom full factorial protocols
using colorimetric dye and color depth comparison to intended map.
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Figure 2.3: Validation of liquid dispensing layout for full factorial combinatorial study. Full
factorial design with n=4 factors at a range of doses dispensed into the microwell chip
validated by using fluorescent beads representing the identity and concentration of each
factor. 1 chip contains 90 unique culture combinations with 4 technical replicates each,
totaling 360 independent microsites. Scale bar represents 1 mm.
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Figure 2.4: Validation of liquid dispensing layout for gradient combinatorial study. Full factorial design with n=4 factors at a
range of doses dispensed into the microwell chip validated by using fluorescent beads representing the identity and concentration
of each factor. 1 chip contains 36 unique culture combinations with 8 technical replicates each, totaling 288 independent
microsites. Scale bar represents 1 mm.
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2.3.2 Miniaturized stem cell culture

Optimization and Control of Miniaturized Stem Cell Culture

Initial optimization of stem cell culture on the micropillar chip sought to identify a laminin
coating procedure that resulted in neural stem cell monolayer formation with 1) inter-pillar
consistency and 2) intra-pillar uniformity for a consistent and uniform baseline. Six
different concentrations of laminin diluted in sterile PBS were tested by coating
micropillars overnight and then depositing a suspension of NSCs on top and inverting the
pillars into NSC culture media. After 6 days of culture on the micropillars, cells were fixed
and stained for nuclear marker Hoechst and imaged. A strong correlation for inter-pillar
consistency was qualitatively observed with respect to laminin concentration (Figure 2.5).
Further, the intra-pillar uniformity of NSC culture across the micropillar surface was
quantified across the x and y dimensions of the micropillar images and plotted in
histograms (Figure 2.5B). It was observed that laminin concentrations of at least 100
μg/mL were sufficient to produce the desired results. We additionally demonstrated the
ability of this microculture platform to control the seeding density of initial cell cultures
(Figure 2.6).

Custom Design and Fabrication of "Chip Swapper" for Consistent Microculture
Handling

We created a customized device to control the reproducibility of the micropillar transfer
process between microwell chips, an integral part of this micro-culture methodology (Figure
2.7). The chip swapping method consists of four steps:

1. Placement of old pillar/well chip and new well chip onto the slots of the base plate
(gray)

2. Separation of the pillar chip (yellow) from the old well chip (blue) by sliding prong
tool in (red)

3. Sliding the pillar chip along the guided rails to the new well chip

4. Gradual placement of the pillar chip into the new well chip by sliding prong tool out

Use of the Chip Swapper removes potential variability in handling of microcultures during
the media replenishment process day to day for a single user, or user to user if multiple
researchers are maintaining a single experiment.
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Figure 2.5: Optimization of laminin surface coating. A) Fluorescence microscopy images
of Hoechst stained NSC nuclei after six days of culture on micropillars coated in a range
of laminin concentrations, 3 replicates shown for each concentration; scale bar represents
100 μm. B) Distribution of cell positions in x* and y* for a representative image from each
condition. Position variables are scales such that x* = x/image width, y*=y/image height,
in pixels.
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Figure 2.6: Controlled modulation of seeding density of cells onto micropillars. A) Bright
field images of micropillar cultures seeded at i. 5x107 cells/mL or roughly 500 cells per
micropillar and ii. 5x106 cells/mL or roughly 50 cells per micropillar; pillar diameter is
750 microns. B) Fluorescence microscopy of Hoechst stained cells seeded at four different
densities consistent across the micropillar chip.
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Figure 2.7: Custom Fabrication of Chip Swapper for Consistent Microchip Handling. A) The four steps involved in chip
swapping. B) Dimensions of the base plate custom fit to the microwell chip. C) Dimensions of the prong tool custom fit to the
micropillar chip.
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2.3.3 Fluorescence Immunocytochemistry Readouts for Stem Cell
Marker Expression and Morphology in 2D and 3D

Cell cultures that are in a 2D monolayer format can be stained and imaged using a wide-field
fluorescence microscope [56]. Cellular markers are either contained within the nucleus, such
as transcription factors, or within the cytoplasm, such as microtubules [57]. Cytoplasmic
markers can be further applied toward morphometric analysis of interest, such as neurite
length measurements. All cultures are counter stained with a DNA stain, such as DAPI, to be
able to normalize marker expression to the total cell count. Quantification of image data for
2D cell cultures was done using custom scripting and applications in ImageJ [51,52] If positive
and negative controls are available for the cellular system of interest, it is recommended to
first conduct a Z-factor analysis for assessment of staining and imaging quality. [58] Here, a
Z-factor analysis was applied to neural markers of interest before starting any combinatorial
analyses. The Z-factors for measured variables using the appropriate positive and negative
controls were calculated and were within range for an adequate screening assay (Figure 2.8).

Cell cultures that are encapsulated within 3D hydrogels require either a confocal or
multi-photon microscope to clarify the cells across many microns in the z-direction enough
to measure cell markers of interest [59]. Fluorescence image analysis pipelines were built
for quantification of nuclear and cytoplasmic marker expression in 3D cultures (Figure 2.9).
Of note, segmenting and scoring dense cell populations by expression of cellular markers
localized to the cytoplasm, such as Tyrosine Hydroxylase and Tuj1, can be less
straightforward than nuclear localized markers, such as Olig2 and Nkx2.2, and therefore
should be considered in the design of the screening strategy. Fluorescent reporter cell lines
that are a proxy for cytoplasmic markers but localize the flourescent protein to the nucleus
could bypass this issue as well [60]. Quantification of image data for 3D cell cultures was
performed using Harmony image analysis software from Perkin Elmer.

2.3.4 Data Aggregation, Organization, Analysis, and Visualization

In anticipation of large data sets created due to the high-throughput nature of this system
(roughly 500 micro-culture sites * 4 fluorescent channels for marker readouts = 2000
datapoints per chip), it is necessary to adopt data analysis tools that can facilitate
aggregation and organization of thousands of data points that are collected across many
weeks to years [61].

Here, quantified image data from either ImageJ or Harmony was imported as .txt files into
Python for statistical data analysis [53] and visualization using packages such as matplotlib
or seaborn [54]. For comparisons between data sets acquired across different experimental
sessions, raw data was scaled and centered by z-score, and descriptive statistics were
calculated from at least 4 technical replicates. Error bars represent 95% confidence
intervals unless otherwise specified. If comparisons across more than three conditions are
conduction, appropiate corrections for false positives should be applied, such as a
Benjamini - Hochberg False Discovery Rate correction [62].
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Figure 2.8: Image Processing and Analysis. A) Phenotype quantification from raw image
data. B) Example feature extraction from high-content fluorescence microscopy images;
nuclei are represented in blue, GFAP is in red, and βIII-Tubulin is in green. C) Z-factor
analysis with positive and negative controls for each metric.
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Figure 2.9: Image analysis pipeline for quantification of nuclear and cytoplasmic cellular
markers and co-expression.
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2.4 Conclusion

These data collectively demonstrate the integration of four main components (combinatorial
liquid dispensing, miniaturized stem cell culture, fluoresence microscopy, and programmatic
data handling) to create a system that facilitates high-throughput phenotypic screening of
stem cell proliferation and differentiation, in both 2D and 3D formats, while maintaining
rigorous quality control measures for fundamental studies or translational applications of
key questions in stem cell biology.
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Chapter 3

Combinatorial Screening Reveals
Interactions Between Signaling
Molecules that Regulate Adult Neural
Stem Cell Fate

3.1 Abstract

Advancing our knowledge of how neural stem cell (NSC) behavior in the adult
hippocampus is regulated has implications for elucidating basic mechanisms of learning and
memory as well as for neurodegenerative disease therapy. To date, numerous biochemical
cues from the endogenous hippocampal NSC niche have been identified as modulators of
NSC quiescence, proliferation, and differentiation; however, the complex repertoire of
signaling factors within stem cell niches raises the question of how cues act in combination
with one another to influence NSC physiology. To help overcome experimental bottlenecks
in studying this question, we adapted a high-throughput microculture system, with over
500 distinct microenvironments, to conduct a systematic combinatorial screen of key
signaling cues and collect high-content phenotype data on endpoint NSC populations. This
novel application of the platform consumed only 0.2% of reagent volumes used in
conventional 96-well plates, and resulted in the discovery of numerous statistically
significant interactions among key endogenous signals. Antagonistic relationships between
FGF-2, TGF-β, and Wnt-3a were found to impact NSC proliferation and differentiation,
whereas a synergistic relationship between Wnt-3a and Ephrin-B2 on neuronal
differentiation and maturation was found. Furthermore, TGF-βand BMP-4 combined with
Wnt-3a and Ephrin-B2 resulted in a coordinated effect on neuronal differentiation and
maturation. Overall, this study offers candidates for further elucidation of significant
mechanisms guiding NSC fate choice and contributes strategies for enhancing control over
stem cell based therapies for neurodegenerative diseases.
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3.2 Introduction

Stem cells, defined as immature cells capable of self-renewal and differentiation into a range
of mature cell types, play fundamental roles in tissue formation and maintenance, and have
broad applications for in vitro disease modeling, drug screening, and in vivo tissue
regeneration. [63–67]. Neural stem cells (NSCs) in the hippocampus of the adult brain are
of particular interest because of their potential to proliferate and differentiate into new
neurons and glia throughout adulthood. [68] These tightly regulated NSC processes have
impact on learning and memory, as well as implications for the treatment of
neurodegenerative disorders such as Alzheimer’s disease. [69]

Adult hippocampal NSCs reside within the dentate gyrus of the subgranular zone – a complex
and intricate niche that presents various forms of instructive regulatory stimuli. Numerous
studies have identified a range of individual endogenous signaling molecules that regulate
NSC quiescence, proliferation, and/or differentiation. For example, early studies on primary
NSCs isolated from the adult rodent hippocampus established a proliferative effect of FGF-
2, [70, 71] and SHH was subsequently found to promote proliferation in vitro and in vivo.
[72, 73] Furthermore, Wnt-3a and Ephrin-B2 ligands within the NSC niche were discovered
to regulate neurogenesis, [31,74] whereas BMP-4 and most recently TGF-β signals have been
associated with quiescence of adult hippocampal NSCs. [75–79]

While such reductionist studies have greatly advanced our knowledge of NSC regulators,
these cells are likely exposed to multiple cues simultaneously within the niche (Figure A.1),
[80] and the potential effects of their combinatorial presentation within the hippocampal NSC
niche have not yet been examined. Unfortunately, experimental capabilities to examine such
interactions using conventional well-plate platforms are constrained by reagent costs and
feasibility as the parameter space for unbiased and systematic combinatorial studies grows
exponentially; for example, 2n possible combinations can be formed from n different factors.

To overcome these limitations, many researchers have adopted novel miniaturized cell
culture platforms for dissecting analogous cell niches, [34, 81–86] and in some cases these
studies have revealed non-intuitive cell behavior that would be difficult to detect without
an unbiased screen. [36,46] Accordingly, here we have adapted and demonstrated the utility
of a high-throughput micro-culture platform (Figure 3.1, previously applied toward
toxicological assays [49, 50, 87] enabling independent preparation and control of media and
cell substrates, simultaneous media replenishment of over 500 microcultures, and higher
exposure to microcultures for immunocytochemistry. After platform optimization and
characterization, we employed a full factorial design to systematically expose NSCs to
combinatorial niche signals and collected high-content image data [88] of NSC proliferation,
neuronal/glial differentiation, and morphology (Figure 3.1B,C). We discovered that
antagonistic relationships among FGF-2, TGF-β, and Wnt-3a impact NSC proliferation
and differentiation, and that a synergistic relationship between Wnt-3a and Ephrin-B2
promotes neuronal differentiation and maturation. Furthermore, we observed that TGF-β
and BMP-4 in combination with Wnt-3a and Ephrin-B2 exhibited a coordinated effect on
neuronal differentiation and maturation. Finally, we arranged conditions based on

23



similarity in the direction and extent of phenotypic responses to identify broader trends
across combinatorial signaling environments.
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Figure 3.1: High-throughput micropillar and microwell culture system for high-content screening of stem cell proliferation and
differentiation. A) The high-throughput cell culture array consists of complementary micropillars and microwells that combine
to form 532 independent cell culture environments. B) NSCs in a 60 nL suspension were deposited on the surface micropillars,
and cell culture media containing select chemical signaling cues were dispensed into the microwells. C) NSCs were exposed to
systematic combinations of soluble cues to recapitulate the complexity of the in vivo hippocampal niche where combinatorial
extrinsic signals guide phenotypic processes including self-renewal, gliogenesis, neurogenesis, quiescence, and death.
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3.3 Experimental Procedures

3.3.1 Primary adult hippocampal neural stem cell culture

Adult rodent NSCs were cultures as described previously. [24] NSCs were subcultured in
DMEM-F12 + N2 supplement and 20 ng/mL FGF-2 on laminin-coated polystyrene dishes.
NSCs were dissociated with Accutase for replating upon confluency and seeding into
conventional plate and microculture experiments.

3.3.2 Synthesis of Multivalent Ephrin-B2

An EphB4 binding peptide TNYLFSPNGPIARAW [89] with a 70 nM Kd, previously
identified by phage display was conjugated to a 1500 kDa hyaluronic acid (HA) chain to
generate a multivalent ligand. A bi-functional molecule N-E-maleimidocaproic acid
hydrazide (EMCH) was utilized to bridge HA and the peptide of interest, where it was first
reacted with the carboxylic acid functional group on HA to generate an amide, and
subsequently reacted with the thiol group on the EphB4 binding peptide. The valency of
the multivalent peptide conjugate is 40, which was calculated as the molar ratios of HA to
ligand, as determined by the BCA assay, a method that was previously confirmed by size
exclusion chromatography coupled with multi-angle static light scattering
measurement. [90]

3.3.3 NSC micro-culture on Pillar/Well Chip System

Micropillar and microwell chips (MBD Korea) made of polystyrene were manufactured by
plastic injection molding as described previously. [49, 50] The micropillar culture chip was
coated in laminin by placing into a microwell chip (MBD Korea) containing a solution of
laminin diluted in sterile PBS overnight. NSCs in suspension were deposited onto the
laminin-coated micropillar and left pillar side up for at least 30 min to allow NSCs to settle
and adhere to the surface. The micropillar chip was then inverted and placed into a fresh
microwell chip containing cell culture media. All liquid dispensing into the microculture
platform was performed with a DIGILAB Omnigrid Micro liquid handler with customized
programs for deposition patterns. Media was changed daily by transferring the micropillar
chip into a microwell chip containing fresh media every other day using a custom made
mechanical “Chip Swapper” for consistent transfer. Technical replicates included two
different dispensing patterns to average out positional effects across the microchip.

3.3.4 On-chip Viability Assay

At the endpoint of the experiment, the micropillar chip was carefully removed from the
wellchip and placed in new wellchip containing Calcein AM, Ethidium Homodimer, and
Hoechst diluted in sterile PBS (dilution details in Table A.2). The chip was incubated for 20
min and then transferred to a new wellchip containing PBS and individual microenvironments
were imaged using fluorescent microscopy.
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3.3.5 On-Chip Immunofluorescence and Proliferation Assays

At the endpoint of the experiment, the micropillar chip was carefully removed from the
wellchip and placed into a bath of 4% parafomaldehyde for 15 min to fix cell cultures. Then,
the micropillar chip was washed twice in PBS for 5 min each and placed into a bath of 0.25%
Triton-X + 5% donkey serum in PBS for 10 min to permeabilize cells. After permeabilization,
the micropillar chip was washed 5 times in 5% donkey serum for 5 min each, dried, and
transferred to a wellchip containing primary antibodies of interest diluted in PBS+donkey
serum (dilution details in Table A.2) and stored overnight at 4◦C. After primary staining,
the micropillar chip was washed twice in PBS for 5 min each, dried, and then placed into a
microwell chip containing the corresponding secondary antibodies (dilution details in Table
A.2) and incubated at 37◦C for 2 h. After secondary staining, the micropillar chip was
washed twice in PBS for 5 min each, dried, and then placed into a wellchip containing
PBS and individual microenvironments were imaged using automated wide-field fluorescent
microscopy.

3.3.6 Well-plate NSC culture and Immunocytochemistry

Individual wells in a tissue culture treated uClear 96-well plate (Greiner Bio-One, 655090)
were coated with laminin by incubating overnight in a solution of laminin diluted in sterile
PBS. On Day 0, NSCs were seeded at a uniform concentration of 2.2E5 cells/mL per well
(roughly 40,000 cells/well, or 1.4E3 cells/mm2). Culture media containing individual and
combined signaling cues (dosage details in Table S1) was applied on Day 0 and replaced every
other day. On Day 5, cells were fixed in 4% parafomaldehyde for 15 min. Then, cultures
were washed twice in PBS for 5 min each and placed permeabilized in 0.25% Triton-X +
5% donkey serum in PBS for 10 min. After permeabilization, the wells were washed 5 times
in 5% donkey serum for 5 min each and incubated in primary antibodies of interest diluted
in PBS+donkey serum (dilution details in Table A.2) and stored overnight at 4◦C. After
primary staining, wells were washed twice in PBS for 5 min each and then incubated in the
corresponding secondary antibodies (dilution details in Table A.2) at 37◦C for 2 h. After
secondary staining, wells were washed twice in PBS for 5 min each. Individual sites within
each well were imaged using automated confocal microscopy.

3.3.7 Automated Wide-Field Fluorescence Microscopy

Stained micropillar chips were sealed with a polypropylene film (GeneMate T-2452-1) and
imaged with a 20x objective using a Molecular Devices ImageXpress Micro automated wide-
field fluorescence microscope available in the Shared Stem Cell Facility at UC Berkeley.
Lamp exposure time was kept constant for a fluorescence channel within an imaging set.

3.3.8 Automated Confocal Fluorescence Microscopy

28 sites within each stained well of a 96-well plate were imaged with a 40x water objective
using a Perkin Elmer Opera Phenix automated confocal fluorescence microscope available
in the High-Throughput Screening Facility at UC Berkeley. Laser exposure time, gain, and
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laser power was kept constant for a fluorescence channel.

3.3.9 Image Processing, Data Analysis, and Statistical Methods

Background fluorescence was removed from all images using a rolling bar radius algorithm
using ImageJ. [51] Feature extraction was performed with ImageJ application NeuriteTracer
[52] and custom image processing scripts. Quantified image data was then imported into
Python for statistical data analysis [53] and data visualization. In brief, raw data was
scaled and centered by z-score, and descriptive statistics were calculated from four replicates
at the chip-level and six replicates within each chip. Error bars represent 95% confidence
intervals unless otherwise specified. A factorial ANOVA was used to calculate statistical
significance from a group of conditions. Non-significant terms were removed to create the
OLS model; beta parameters were calculated for all significant terms as a simplified measure
of their relative contribution to the extent of neurogenesis observed in a population of NSCs.
For the hierarchical cluster model, the Euclidean distance was used to measure pairwise
distance between each observation and the UPGMA algorithm was used to calculate the
linkage pattern. Code available upon request. For validation studies in 96-well plate format,
Harmony image analysis software (Perkin Elmer) was used to quantify neurite morphological
features. A gamma correction of 2.0 was applied to highlight morphological features of select
images for clarity in visualization only; quantification of image features was performed with
the original images. A Student’s T-test or Welch’s T-test was applied to well-averaged data
for equal and unequal sample sizes, respectively, with at least n=3 replicates.

3.4 Results

3.4.1 Miniaturization and Increased Throughput of Primary NSC
Culture for Phenotypic Screening

Our system is composed of two halves – a chip with 532 x 750 μm wide pillars onto which
cells can be deposited with a liquid dispensing system and a chip with 532 x 800 nL wells
into which culture media and signaling cues can be dispensed – where placing the pillar chip
into the well chip enables long term cell culture and subsequent imaging (Figure 3.1). NSCs
derived from the adult rodent hippocampus are typically propagated in vitro on substrates
coated with extracellular matrix protein laminin, [24] so initial optimization was performed
to identify a coating procedure for laminin that could enable NSC monolayer formation
with 1) inter-pillar consistency and 2) intra-pillar uniformity (Figure 2.5). Subsequently,
coating parameters were kept constant for all studies to ensure a consistent and uniform
initial condition across all 532 micropillar environments (Figure 3.2A).

Next, we assessed the capacity of the micropillar chip system to maintain NSC viability
and reproduce proliferation and differentiation in response to well-characterized cues. A
live/dead assay several hours after initial seeding showed a high proportion, >80%, of
viable cells across all 532 microenvironments (Figure 3.2B,C), comparable to seeding into a
standard well plate. Additionally, we observed uniform seeding across the entire micropillar
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chip (3.2D) for an even baseline. Next, to assess whether NSC cultures retained the
capacities for proliferation and differentiation into neurons and glia, we applied known
proliferation-inducing and differentiation-inducing media conditions. Media was replenished
by transferring the micropillar chip into a new microwell chip with fresh media every other
day. After 5 days, proliferation was measured using an EdU assay, and differentiation into
neurons and glia was marked with immunocytochemistry of βIII-Tubulin and GFAP,
respectively. Anticipated increases in proliferation and differentiation were observed (3.2E).
Additionally, the Z-factors for these and additional measured variables using the
appropriate positive and negative controls were calculated and are within range for an
adequate screening assay [58] (Figure 2.8). Finally, we created a customized device to
control the reproducibility of the micropillar transfer process between microwell chips, an
integral part of this micro-culture methodology. These data collectively demonstrate the
ability to miniaturize NSC culture while maintaining rigorous quality control measures to
enable high-throughput phenotypic screening of NSC proliferation and differentiation.
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Figure 3.2: Primary NSC cultures on micropillars demonstrated uniform initial seeding and
retain viability, proliferation, and differentiation potential. A) Day zero montage of NPCs
seeded onto 532 microenvironments and stained for calcein AM (green), ethidium homodimer
(red), and Hoechst (blue); scale bar represents 2 mm. B) Histograms of % live and dead
cells across 532 microcultures. C) 20x magnification of stained micropillar culture showing
individual fluorescence channels and merge; scale bar represents 100 μm. D) Quantification
of micropillar total cell count by column and by row.
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Figure 3.3: Induced proliferation or differentiation on micropillar/microwell culture platform with 20 ng/mL FGF-2 or 1 μM
retinoic acid + 1% FBS, respectively. Immunocytochemistry was conducted after 5 days for EdU incorporation or GFAP and
β-III Tubulin expression; scale bar represents 100 μm. Error bars represent standard deviation of 24 replicates.
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3.4.2 Implementation of Combinatorial Signaling Screen in the
Microchip System

We designated six endogenous signaling cues (FGF-2, SHH, Wnt-3a, Ephrin-B2, BMP-4,
and TGF-β) from the adult hippocampal niche to be of particular interest for this
combinatorial study because of their prominent roles in NSC regulation, their opposing
effects on the NSC behavior as described above, and the lack of quantitative information
on the potential interactions these cues may have with one another when simultaneously
present in the niche. Therefore, a full factorial Design of Experiments (DoE) methodology
was employed to explicitly quantify interaction effects between signaling cues [55]. We first
employed a colorimetric dye to validate that our custom robotic liquid handling program
was able to dispense all cues into the intended positions on the microwell chip to create 64
unique combinations from the six cues listed previously (Figure 2.2). Then, each cue was
dispensed into the microwell chip at the EC50 dosage (Table A.1). The complementary
micropillar chip with NSCs was stamped into the microwell chip with media replenishment
every other day. After five days in culture with combinatorial stimuli, quantitative
population average measurements of multiple metrics were obtained, including the total
cell count and the EdU+ for a measure of proliferative activity, βIII-Tubulin expression
and neurite extension as a measure of neurogenicity, and GFAP expression as a measure of
gliogenicity (Figure 3.3Aii).
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Figure 3.4: Full factorial combinatorial screen of endogenous signaling cues. A) i. Design matrix of full factorial experimental
conditions involving Wnt-3a, TGF-β, Ephrin-B2, BMP-4, FGF-2, and SHH-N. ii. Montage of immunocytochemistry for 384
microcultures after exposure to full a factorial set of combinations for 5 days. Replicates are grouped within boxes and labelled
by condition in i; scale bar represents 500 microns. B) Quantified population level responses from each microculture after 5
days of exposure to each of six signaling cues. Data were scaled and non-dimensionalized using z-score method. Error bars
represent a 95% confidence interval.
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3.4.3 Baseline Activity of Individual Signals on NSC Phenotype

To test the efficacy of each signaling cue to induce NSC response on-chip in accordance
with previous literature, we examined the normalized endpoint phenotypes of NSC cultures
exposed to each cue individually and compared them to the basal media condition of
minimal FGF-2, which was chosen to maintain survival but not promote proliferation
(Figure 3.4B). The basal media condition exhibited low levels of βIII-Tubulin expression,
likely due to spontaneous differentiation upon decreased FGF-2. Importantly, Wnt-3a or
Ephrin-B2 increased βIII-Tubulin expression consistent with reported literature [31, 74];
FGF-2 induced proliferation [70, 71]; and TGF-β suppressed proliferation and
differentiation of NSCs [76, 79]. Unexpectedly, we observed increased GFAP expression in
response to BMP-4, TGF-β, or Ephrin-B2 relative to the basal media condition. Finally,
SHH showed increased but non-statistical proliferative activity relative to the basal
medium condition, potentially due to a less potent recombinant form of the molecule used
here. [91] Overall, FGF-2, Wnt-3a, Ephrin-B2, and TGF-β induced NSC phenotypic
responses in accordance with the literature, while BMP-4, TGF-β, and Ephrin-B2 were also
found to increase GFAP expression – a trend not previously reported for adult
hippocampal NSCs.

3.4.4 Pairs of Signaling Cues Exhibit Additive, Antagonistic, and
Synergistic Relationships

Pairwise interactions were analyzed by examining how the extent of a specific NSC
response induced by each signaling cue may be modulated by the presence of another
potent signaling cue in the cellular microenvironment. A marginal means calculation was
used to quantitatively discern the main effect of an individual cue from the interaction
effect between two cues on the endpoint phenotypes measured. [55] Furthermore, the
marginal means plots characterized the type of interaction between two signaling cues –
pairs of cues with parallel lines in the interaction plot were classified to have an additive
relationship, while any deviation from parallel was classified as non-additive [55] and
pointed to a pair of cues that act either antagonistically or synergistically to impact NSC
proliferation or differentiation (Figures 3.5, A.2, A.3, and A.4).

Many cues functioned additively, and thus did not point to statistical evidence of a
potential biological interaction between the cues; however, non-additive interactions
occurred in several cases. The proliferative activity of FGF-2 on NSCs was found to be
antagonistically modulated by the presence TGF-β or Wnt-3a (representative images of
FGF-2 and TGF-β micro-cultures are depicted in Figure 3.5i). TGF-β also affected the
activity of Wnt-3a and Ephrin-B2 to decrease the extent of NSC proliferation. The most
apparent trend for glial differentiation was the antagonistic activity of FGF-2 with all other
cues, shown by a decrease of GFAP expression across all conditions with FGF-2 present.
For neuronal differentiation, a single case of synergy was evident between Wnt-3a and
Ephrin-B2 in the expression of βIII-Tubulin and dendritic extensions. In summary, these
data provide new information on how the activity of one endogenous cue may be
modulated by the presence of just one additional signaling cue in the NSC
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microenvironment to impact NSC fate, and significantly narrows the field for interesting
interactions to investigate further in vivo.
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Figure 3.5: Marginal means analysis for main and pair-wise interaction effects among all soluble cues for proliferative activity.
FGF-2 and TGF-β interaction is highlighted with corresponding immunocytochemistry images of micro-cultures; scale bar
represents 100 microns. ii. Marginal means interaction plots for glial response of FGF-2 in the presence of all other
cues. iii. Marginal means plots for β-III Tubulin and neurite extensions of Wnt-3a and Ephrin-B2 with corresponding
immunocytochemistry images of micro-cultures; scale bar represents 100 microns. Data were scaled and non-dimensionalized
using z-score method. Error bars represent a 95% confidence interval.
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3.4.5 Cooperative Action by Tertiary and Quaternary Signal
Combinations Influences Neuronal Differentiation

Subsequently, we examined whether higher order combinations of signaling cues (e.g.,
interactions among three or more factors) in a microenvironment may interact uniquely to
impact NSC behavior. We first used a factorial ANOVA to quantify the significance levels
of all individual cues (main effect) and groups of cues (interaction effect) on NSC
proliferation, glial differentiation, and/or neuronal differentiation, relative to the absence of
that cue or group (Figures 3.7A, A.5, and A.6) subject to a false-discovery rate
correction. [62] Then, we took the top 10 rank ordered combinations and created an
Ordinary Least Squares (OLS) model to represent the relative impact of each signaling
environment to the extent of proliferation or differentiation observed. One 4th order
combination was identified to have significant contributions to the extent of neurogenesis in
a population, specifically Wnt-3a + BMP-4 + Ephrin-B2 + TGF-β was found to drive
neuronal differentiation to an extent greater than any of these components individually
(Figure 4B). Interestingly, the main effect of Ephrin-B2 on βIII-Tubulin expression and
neurite extension was lesser in magnitude than the combined factors listed above (Figure
3.7B), yet simply replacing Ephrin-B2 with SHH in the previous combination switched the
outcome from a strong promotion to the strongest suppression of neurogenesis. These
results point to a group of cues that act in a cooperative manner to impact the level of
neurogenesis in adult NSCs. To examine if the microculture methodology might contain
inherent confounding variables in this study, we conducted validation studies in an
independent culture format.

Validation of select findings in conventional culture format We conducted a set
of validation experiments using a more standard well-plate culture format to examine
whether the microculture platform contained inherent attributes that would confound the
main findings of this study. Two cases of antagonism were tested: a slight case of
antagonism between FGF:Ephrin on the EdU response (microculture data in Figure A.2)
and a dramatic case of antagonism between FGF:TGF on the cell count response
(microculture data in Figure 3.5) for which we found the trends to hold in the well-plate
format (Figure 3.6A,B).

We also tested a set of conditions that displayed a synergistic relationship for the
βIII-Tubulin/neurite extensions response: Wnt:Ephrin and Wnt:Ephrin:TGF:BMP
(microculture data in Figure 3.7). In a well-plate format, the combination of Wnt:Ephrin
:TGF:BMP was observed to have a statistically higher neurite quantity than the cues
individually. Immunocytochemistry images showed differences in neuronal morphology
between the conditions and by utilizing a new and more powerful microscope and analysis
software, we took this one step further by quantifying the number of neurite roots across
all conditions to hypothesize a potential mechanism of action for the combined signals in
promoting emergence of new neurite branches, rather than extension of existing branches.
Although we observed an increase in neurite roots for the combined Wnt:Ephrin:TGF:BMP
case, it was not statistically significant from the individual factors (Figure 3.6C) To
interpret this, we think that the combined action of Wnt:Ephrin:TGF:BMP may increase
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the quantity of neurite roots, which contributes to the increase in total neurite quantity,
however, neurite root increase is not the main driver of increased neurite growth and there
may be additional sub-components of neurite growth that are influenced by the combined
action of Wnt:Ephrin:TGF:BMP as well to explain the overall increase in neurite quantity.

Finally, the Wnt:Ephrin combination was greater, yet not statistically significant, in the
neurite quantity compared to Wnt or Ephrin individually. Of note, we did observe lower
than expected bioactivity of Ephrin in this experiment. Multivalent Ephrin used in this
study is synthesized in batches manually by experts within our lab and we used a different
batch than the microculture experiments performed previously that may have had a lower
EC50. It’s additionally possible that cells exposed to TGF:BMP are sensitized to Ephrin
such that the dose level used in this experiment was sufficient for measurable activity in the
Wnt:Ephrin:TGF:BMP case.

3.4.6 Global Analysis of Extrinsic Signaling and Phenotype
Relationship for NSC Populations

To reveal additional trends within the multi-dimensional dataset, we described each
signaling combination as a vector of the endpoint proliferation, neuronal differentiation,
and glial differentiation and employed a hierarchical clustering technique to arrange them
into categories based on similarity in the direction and extent of the endpoint phenotypes
observed (Figure 3.8A).

The conditions with the most proliferation and least differentiation, marked as Category 1,
all share the presence of FGF-2 and had a lower order combination of signals, i.e., there
was an average of only two signaling cues in the microenvironment. Category 4 also shared
the presence of FGF-2 in most microenvironments, yet exhibited low proliferation and low
differentiation. Ten out of the 13 conditions in Category 4 also had TGF-β and/or Wnt-3a
present, which apparently antagonized the mitogenic activity of FGF-2 such that the
combination showed very modest cell expansion. The remaining conditions in low
proliferation and differentiation Category 4 contained combinations of BMP-4, SHH, and
Ephrin-B2, where the average number of signaling cues per microenvironment was above
three. Two categories contained low proliferation and high differentiation responses into
either neural or glial lineages, but not both. The most neurogenic category, Category 5,
had conditions that all shared the presence of Wnt-3a. In contrast, the highest GFAP
expressing category, marked as Category 3, had conditions that all shared the absence of
FGF-2. Finally, the last two categories straddled the line between two phenotype
directions: Category 2 contained low neural and low glial differentiation while Category 6
contained low proliferation and low neuronal differentiation. Interestingly, no categories
were found that contained proliferation and glial differentiation together.
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Figure 3.6: Validation of findings in conventional 96-well plate culture format. A) Slight
antagonistic relationship between FGF and Ephrin in EdU response of NPCs. B) Dramatic
antagonistic relationship between FGF and TGF with corresponding immunocytochemistry
images of NPC cultures; scale bar represents 100 microns. C) i. Quantification of neurite
trace and neurite roots per well from 6 different culture conditions. ii. Immunocytochemistry
images from cultures in individual signaling cues (top row), combinations of signaling
cues (middle row), and positive differentiation controls for NPCs (bottom row); scale bar
represents 100 microns, white arrows point to representative differences in morphological
features.
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Figure 3.7: Factorial ANOVA model for βIII-Tubulin expression and neurite extensions. A)
p-values of main and interaction effects for all signaling environments and the Benjamini -
Hochberg threshold for multiple comparisons at a significance level of 0.05. B) Pareto plot of
fitted OLS model parameters for top 10 responses and corresponding immunocytochemistry
images for the most positive (top) and most negative (bottom) contributions to βIII-Tubulin
expression and neurite extensions; scale bar represents 100 microns.
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Figure 3.8: Multivariate analysis of phenotypic response from combinatorial signaling environments. A) Hierarchical cluster
dendogram of main NSC phenotypes with corresponding signals present at each condition and six main classifications are
identified by phenotype similarity; data are standardized by z-score for each measurement variable (row). B) Corresponding
immunocytochemistry images of microenvironments with asterisks in A).
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3.5 Discussion

3.5.1 Combinatorial Screening to Accelerate Understanding of the
Adult Hippocampal Neural Stem Cell Niche

Numerous insights have been gathered from miniaturization and high-throughput studies
of stem cell niche components. [46, 81, 84, 86] Here we provide a demonstration of the
micropillar/microwell platform to expand beyond toxicology screening [49,50,87] and probe
fundamental questions regarding how primary NSCs respond to combinatorial signals from
the endogenous adult hippocampal niche. In doing so, we were able to simultaneously
assay over 500 independent soluble microenvironments and acquire high-content images of
NSC proliferation, differentiation, and morphological responses while consuming only 0.2%
of the reagent volumes for conventional 96-well plates. Not only is this a favorable system
for high-cost reagents, such as recombinant protein growth factors, but also for cell types
that are difficult to expand. Furthermore, the parallel processing of 500 independent
samples enabled a highly controlled and systematic study to probe phenotypic variations
between signaling cue combinations while eliminating confounding variables such as cell
passage number of primary NSCs, batch-to-batch variability and degradability of reagents,
day-to-day variation in equipment parameters, or even person-to-person variations in
technique. We further discuss numerous results from the dataset below and provide a
feasible parameter space for investigation in vivo.

3.5.2 New Phenotypes in Response to BMP-4, TGF-β Signals

To our knowledge, this is the first report of BMP-4, TGF-β, or Ephrin-B2 signals increasing
expression of GFAP in a population of adult hippocampal neural stem cells. [31, 75, 77–79,
90] In vivo, GFAP is expressed in Type I radial glial cells that are quiescent in the adult
hippocampus as well as in lineage-committed astrocytes. Here, we observed two distinct
morphologies of GFAP+ cells: one with multiple prominent extensions protruding from the
cell body that resemble a characteristic example of an astrocyte, and the other with minor
extensions from the cell body (Figure 2.8B). It is conceivable that the latter GFAP+ cell
type is closer in identity to the Type I radial glial cell since BMP-4 and TGF-β are known to
play a role in the regulation of quiescence of adult hippocampal NSCs. To further investigate
a potential role for BMP-4 or TGF-β as a cue to revert Type II neural progenitor towards
Type I radial glial cells, future work could examine the effect of BMP-4 or TGF-β exposure
on the population of Type I radial glial cells, identified by co-expression of GFAP and neural
stem cell markers such as Nestin or Sox2.

3.5.3 Convergence to an Outcome by the Integration of
Simultaneous Signals

At the signal transduction level, the numerous extrinsic signaling molecules, and
combinations thereof, that exist within the stem cell niche to influence cell fate are
ultimately translated to relatively few phenotypes, pointing to the existence of integration
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mechanisms within the cell that converge inputs to reach an outcome. For adult
hippocampal NSCs, this concept has been discussed previously by Schwarz et al. with
Notch signaling proposed as a central node of convergence for BMP-4, TGF-β, SHH, and
FGF-2 signals. [92] Here, we uncover additional interactions involving cues discussed by
Schwarz et al. as well as Wnt-3a and Ephrin-B2 that influence the phenotypic outcome of
NSCs. The molecular basis of these interactions is likely unique for each pair or
combination and could assume multiple forms including an extracellular interaction
between ligands, such as the mechanism described for the antagonistic relationship between
Noggin and BMP signaling cues. [93] Additional hypotheses for intracellular mechanisms
could include signal pathway crosstalk at the level of phosphorylation cascade or
transcription factor, or priming by translocation of key intermediates by one pathway for
the other.

The unique case of synergy we observed between Wnt-3a and Ephrin-B2 to increase β-III
Tubulin expression and neurite extensions is of particular interest to investigate further.
Previous studies showed that Ephrin-B2 can activate the co-activator β-catenin, pointing to
a possible node of convergence between the two pathways. [31] Additionally, a link between
the Ephrin and Wnt signaling pathways has been established in the analogous adult stem cell
system of the intestinal crypt, where canonical Wnt signaling through β-catenin was found
to up-regulate the expression of EphB2/EphB3 receptors. [94] Given that many aspects of
signal transduction are conserved across various cell types, it is conceivable that a similar
signaling network layout is present here in adult hippocampal neural stem cells.

The majority of higher order combinations of signals probed in other differentiated cell
types have exhibited negligible synergy at the level of intracellular signaling cascades, as
reviewed previously by Janes et al. [95] Our results from the factorial ANOVA and OLS
modeling indicate that this paradigm can potentially be extended to neural stem cell
population level responses to combinatorial stimuli as well (Figures 3.7A, A.5, and A.6).
However, as described in the next section, even a single case of higher order combinatorial
interactions can provide a fruitful area of further investigation to understand combinatorial
complexity in stem cell niches, and therefore including them in systematic screening efforts
early on might be worthwhile for stem cell differentiation in particular, as their
developmental outcome might by more flexible and sensitive to higher-order combinations
of signals than terminally differentiated cell types.

3.5.4 Niche Zones that Display the Clearest “Instructions” for a
Specific Phenotypic Response

At the niche level, it is conceivable that there is heterogeneity in signal presentation across
local NSC microenvironments that contributes to the range of fate outcomes for NSCs
within the dentate gyrus. [96, 97] The results in this study point to details of extrinsic
signaling combinations that might shift NSC fate outcome toward proliferation, quiescence,
or differentiation.

The most proliferative NSC response in microenvironments occurred with FGF-2 alone.
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The presence of additional cues either had negligible effect (BMP-4) or acted
antagonistically (Ephrin-B2, TGF-β, Wnt-3a). Therefore, it is possible that NSCs
undergoing the most proliferation and potentially self-renewal are located in zones of
FGF-2 exposure, with minimum conflicting signals. In contrast, there is a shift toward
quiescence in zones that present numerous conflicting signals, such as FGF-2, Wnt-3a, and
TGF-β together. Additionally, these observations point to a dual role for FGF-2 as mainly
proliferative in simple (i.e., one or two cues) signaling environments, and mainly repressive
of differentiation in more complex signaling environments.

The higher order combination of Wnt-3a + Ephrin-B2 + BMP-4 + TGF-β could provide a
neurogenic and neuronal maturation niche. The contrasting role of TGF-β in this
combination versus in isolation is noteworthy. Previous reports have provided evidence for
dual roles of BMP-4 and TGF-β as quiescence factors for NSCs and maturation factors for
committed neuroblasts, [76, 98] which could explain the results observed here. It is
conceivable that the initial exposure of NSCs to Wnt-3a + Ephrin-B2 to induce neuroblast
commitment while the simultaneous presence of Wnt-3a + Ephrin-B2 with BMP-4 +
TGF-β in a niche could induce neuroblast commitment and accelerate the maturation
process. In vivo, migration of neuroblasts away from the subgranular zone during
maturation may alternatively offer a mechanism where the presence of BMP-4 + TGF-β is
in a spatially distinct zone, to enable sequential exposure to different signals as cells
progress down a neuronal lineage. Either way, the signals appear to cooperate to influence
neuronal differentiation and maturation.

3.5.5 Context Dependence of NSC Fate

Overall, the various cases of signaling interactions identified here and their implications in
NSC signal transduction and for the NSC niche share a larger theme of context dependence,
where the activity of multiple signaling cues is modulated by the presence of additional
cues in the microenvironment of an NSC. These studies quantitatively demonstrate that
a highly intricate and sensitive balance of multiple cues guides the endpoint phenotype of
NSC populations and these in vitro results are potentially representative of NSC fate within
the adult hippocampal niche. Disruption of precise balances between molecular cues could
contribute to the cell and tissue degeneration in the hippocampus during aging [29] or by
disease, having consequences for learning and memory throughout adulthood.

3.6 Conclusion

The novel application of a high-throughput micropillar/microwell methodology enabled
careful and systematic dissection of the combinatorial signaling niche. Interactions between
key endogenous cues can play a large role in the regulation of neural stem cell phenotypes,
and the quantitative analyses presented here identify numerous cases of signaling
context-dependence. These data also provide promising leads for an in vivo investigation of
the implications of combinatorial signals, such as the antagonism between FGF-2 and
TGF-β, or the synergistic neurogenesis from Wnt-3a + Ephrin-B2 + BMP-4 + TGF-β .
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Overall, this study contributes to further understanding of the intricate and complex
mechanisms guiding NSC fate choice, and provides insight that may enhance control over
stem cell based therapies for neurodegenerative diseases.
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Chapter 4

3D Microculture Platform Enables
Advanced, High-Throughput
Differentiation Screening of
hPSC-derived Therapies

4.1 Abstract

The promising outlook for hPSC-derived cell therapies leads many to consider the
development of manufacturing processes to meet the patient demand for such therapeutics.
Toward this aim, 3D culture systems for hPSC differentiation are emerging because of their
potential for higher expansion and yield of target cell types compared to 2D culture
systems. Therefore, the ability to screen through a multifactorial parameter space of
exogenous chemical cues for 3D hPSC cultures would greatly accelerate the pace of
discovery and development of efficient in vitro differentiation protocols for target cell types
of interest. Here, we demonstrate the advanced capabilities of a 3D micro-culture platform
that we employ to screen through more than 1000 unique combinations of 12 independent
3D culture parameters to derive Olig2+Nkx2.2+ oligodendrocyte progenitor cells (OPCs)
from hPSCs with 0.2% of the reagent volumes used in 96-well plates. We leverage novel
fluorescent hPSC reporter cell lines to live-monitor proliferation and differentiation for over
80 days in the 3D micro-culture system. The robust data set enabled statistical modeling
of the OPC differentiation process to uncover interactions and differential sensitivities to
culture parameters such as hPSC seeding density, Retinoic Acid dose, Wnt pathway agonist
CHIR dose and duration, SHH pathway agonist SAG dynamics, and combinations thereof.
To show the generalizability of the platform, we then applied it to simultaneously assay 90
unique differentiation protocols to derive TH+ midbrain dopaminergic neurons from
hPSCs. Overall, we demonstrate a strong methodology for upstream microscale
screening/optimization to inform downstream scale-up processes to improve 3D production
strategies of hPSC-derived CRTs.
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4.2 Introduction

Stem cells – including adult and pluripotent subtypes – offer tremendous clinical promise for
the treatment of a variety of degenerative diseases, whereby a single stem cell has the capacity
to self-renew indefinitely as well as mature into functional cell types and serve as a source of
cell replacement therapies (CRT). Human pluripotent stem cells (hPSCs) are of increasing
interest for development of CRTs because of their capacity to differentiate into wide range of
mature cell types for which adult tissue specific stem cells may not exist. [99–103] A leading
example of this is the derivation of oligodendrocyte progenitor cells (OPCs) from hPSCs
for the treatment of Spinal Cord Injury (SCI) [104] for which hPSC-OPCs have recently
advanced to Phase II clinical trials [105, 106] and are even being considered for additional
disease targets in the Central Nervous System (CNS), such as Multiple Sclerosis (MS). [107]

The promising outlook for hPSC-OPCs so far leads many to consider the development of
manufacturing processes to meet the patient demand for such hPSC-derived therapeutics.
For example, roughly 250,000 patients in the U.S. suffer by some form of SCI, with the total
growing annually by an estimated 15,000 new patients. [108] Clinical trials of hPSC-OPCs
in humans were recently dosed at 20 million cells per patient, [105] amounting to over 1
trillion OPCs required to meet the total patient demand today. It is therefore imperative to
develop systems that enable discovery of efficient and scalable differentiation protocols for
these therapies.

Differentiation protocols to direct hPSCs into functional OPCs have developed by
recapitulating the signaling environment within the developing spinal cord in vivo where
exists a complex intersection of growth factor and morphogen gradients that vary across
time as the embryo develops. [109, 110] In vitro, this requires optimization of a large
combinatorial parameter space of signaling agonists and their doses, durations, dynamics,
and combinations over many weeks to achieve efficient yield of the target cell type (Figure
4.1), measured by expression cellular markers present in OPCs, such as transcription
factors Olig2 and Nkx2.2 [111]. Derivation strategies for hPSCs to OPCs have seen great,
yet slow, improvement since the original protocol [112] with increases in efficiently deriving
the target cell type. [113]

More recently, adoption of 3D culture systems has demonstrated strong potential for larger
scale and higher yield [114] of hPSC expansion and differentiation processes than 2D
counterparts, as well as compliance with Good Manufacturing Practice (GMP). [115–117]
It is apparent, however, that a bottleneck exists in the optimization of 3D differentiation
protocols for OPCs and other hPSC-derived cell therapies. Current high-throughput
experimental systems are better suited to screening 2D cultures [47,118,119] where there is
less risk for a robotic dispensing nozzle to disrupt the culture during media replenishment.
For 3D cultures, however, this problem has limited the use of robotic systems in dense well
plates, such as 96- or 384- well plates, to where the length of assay is limited to a few
days. [120]

Here, we demonstrate the versatile capabilities of a uniquely structured microculture

47



platform, previously applied toward toxicology assays [49, 50, 87], for 3D differentiation
screening and optimization of hPSC-derived cell therapies (Figure 4.2). The independent
control of gel-encapsulated cells (on pillar chip) and media (in well chip) removes the risk
of gel disruption during robotic dispensing of over 500 independent wells of media. We
employ custom hPSC reporter cell lines [60] to enable live-imaging of differentiation and
proliferation for over 80 days on the microculture chip. Over 1000 culture conditions that
varied signal dose, duration, dynamics, and combinations were screened utilizing 0.2% of
the reagent volumes of a standard 96-well plate format. Further, the robust dataset enabled
statistical modeling for empirical optimization of the differentiation to identify differential
sensitivities of differentiation efficiency to certain culture parameters across time. Finally,
we demonstrate the generalizability of the platform by applying it toward a screen for
differentiation of Tyrosine Hydroxylase+ midbrain dopaminergic neurons from hPSCs.
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Figure 4.1: Timeline of exogenous signals for in vitro OPC differentiation from human pluripotent stem cells and expected
cellular marker expression along various differentiation stages.
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Figure 4.2: Micropillar and Microwell High-Throughput Culture System. A micropillar chip with cells suspended in a
3D hydrogel is stamped to a complementary microwell chip containing isolated media conditions to make 532 independent
microenvironments. 100 nL of hPSCs suspended in a hydrogel is automatically dispensed onto the micropillars, and 800 nL
of media is automatically dispensed into the microwells by a robotic liquid handling robot programmed to dispense in custom
patterns. The independent substrate for cells and media enables screens of combinations of soluble cues at various dosages and
timings.; scale bar represents 1 mm.
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4.3 Experimental Methods

4.3.1 Human Pluripotent Stem Cell Culture

Human embryonic stem cells (H9s, NIH Stem Cell Registry 0062) were subcultured in
monolayer format on a layer of 1% Matrigel and maintained in Essential 8 medium during
expansion. At 80% confluency, H9s were passaged using Versene solution and replated at a
1:8 split.

4.3.2 3D PSC microculture on Pillar/Well Chip System

Micropillar and microwell chips (MBD Korea) made of polystyrene were manufactured by
plastic injection molding as described previously [49,50]. H9s were dissociated into single cells
using Accutase solution and resuspended in Essential 8 medium containing 10 μM Y-27632
(Rock Inhibitor). H9s were counted and resuspended at defined densities in 50% Matrigel
solution on ice. While chilled, 100 nL of H9s in 50% Matrigel solution were deposited onto
the micropillars using a custom robotic liquid handling program and then incubated at 37◦C
for 20 minutes to promote gelation of 3D cultures. The micropillar chip was then inverted
and placed into a fresh microwell chip containing cell culture media (Table B.1). All liquid
dispensing into the microculture platform was performed with a DIGILAB Omnigrid Micro
liquid handler with customized programs for deposition patterns. Media was changed daily
by transferring the micropillar chip into a microwell chip containing fresh media every other
day using a custom made mechanical “Chip Swapper” for consistent transfer. Technical
replicates included two different dispensing patterns to average out positional effects across
the microchip.

4.3.3 On-chip Viability Assay

At the endpoint of the experiment, the micropillar chip was carefully removed from the
wellchip and placed in new wellchip containing Calcein AM, Ethidium Homodimer, and
Hoechst diluted in sterile PBS (dilution details in Table B.2). The chip was incubated for
20 minutes and then transferred to a new wellchip containing PBS and individual
microenvironments were imaged using fluorescent microscopy.

4.3.4 On-Chip Immunofluorescence Assays

At the endpoint of the experiment, the micropillar chip was carefully removed from the
wellchip and placed into a bath of 4% parafomaldehyde for 15 minutes to fix cell cultures.
Then, the micropillar chip was washed twice in PBS for 5 minutes each and placed into a bath
of 0.25% Triton-X + 5% donkey serum in PBS for 10 minutes to permeabilize cells. After
permeabilization, the micropillar chip was washed 5 times in 5% donkey serum for 5 minutes
each, dried and transferred to a wellchip containing primary antibodies of interest diluted
in PBS+donkey serum (dilution details in Table B.2) and stored overnight at 4◦C. After
primary staining, the micropillar chip was washed twice in PBS for 5 minutes each, dried,
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and then placed into a microwell chip containing the corresponding secondary antibodies
(dilution details in Table B.2) and incubted at 37◦C for 2 hours. After secondary staining,
the micropillar chip was washed twice in PBS for 5 minutes each, dried, and then placed into
a wellchip containing PBS and individual microenvironments were imaged using fluorescent
confocal microscopy.

4.3.5 High-Throughput Fluorescence Microscopy

Stained micropillar chips were sealed with a polypropylene film (GeneMate T-2452-1) and
imaged with a 20x objective using a Perkin Elmer Opera Phenix automated confocal
fluorescence microscope available in the High-Throughput Screening Facility at UC
Berkeley. Laser exposure time and power was kept constant for a fluorescence channel
within an imaging set.

4.3.6 Image Processing, Data Analysis, and Statistical Methods

Images are scored for marker expression depending on nuclear or cytoplasmic localization
(Figure 2.9). Quantified image data was then imported into Python for statistical data
analysis [53] and visualization. For comparisons between data sets acquired across different
experimental sessions, raw data was scaled and centered by z-score, and descriptive statistics
were calculated from 4 technical replicates. Error bars represent 95% confidence intervals
unless otherwise specified. For the hierarchical cluster model, the Euclidean distance was
used to measure pairwise distance between each observation and the UPGMA algorithm
was used to calculate the linkage pattern. A Benjamini - Hochberg False Discovery Rate
correction [62] was applied as needed to correct for multiple comparisons. Code available
upon request.

4.4 Results and Discussion

4.4.1 Miniaturization and increased throughput of 3D hPSC
culture for differentiation screening

Initially, we assessed the ability to deposit hPSCs uniformly and with high viability onto
the micro culture platform to determine if any aspects of the microculture methodology
should be identified as confounding variables in the study. Quantification of total, live, and
dead cell counts across the microchip indicates uniform dispensing and culture seeding and
high levels (>70%) of cell viability at the start of an experiment (Figure 4.3A). We then
employed a custom-made reporter cell line 25 to longitudinally monitor proliferation and
differentiation of hPSCs to Nkx2.2+ oligodendrocyte progenitors in 3D on the microchip
platform. A small range of culture conditions from previously published protocols of OPC
differentiation was selected for a pilot differentiation experiment and the GFP expression
was quantified at later stages of differentiation. Cellular morphological changes from neural
lineage commitment and maturation were clearly observable at later stages in the
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differentiation (Figure 4.4) as cultures were maintained and monitored for more than 80
days on the microchip. We further built fluorescence image analysis pipelines for
quantification of nuclear and cytoplasmic marker expression via immunocytochemistry for
endpoint analyses (Figure 2.9). Together, these results support the robust and long-term
culture potential and cellular marker expression readout of this miniaturization
methodology for hPSC differentiation screening.
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Figure 4.3: H9 seeding and viability across the micropillar culture chip. A) i. Montage of 432 micropillar H9 culture environments
stained with Hoechst (blue), calcein AM (green) and ethidium homodimer (red) to assess viability; scale bar represents 1 mm.
ii. Image of a single microenvironment; scale bar represents 100 microns. iii. Histograms of percentage live and dead cells across
the micropillar culture chip. B) i. Heatmap of total cell count across all positions on the micropillar culture chip. ii. Boxplots
of i. total and ii. live/dead cell counts across every column and row of the micropillar chip.
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4.4.2 Olig2 expression is substantially modulated by tuning early
3D culture parameters

hPSC Seeding Density

We first focused on parameters within the early stages of 3D differentiation of hPSCs into
OPC (Figure 4.5A). The existence of autocrine and paracrine signaling mechanisms in many
cells led us to hypothesize that the density of cells at the start of differentiation would
impact the early neural induction efficiency and consequently the efficiency of differentiation
into OPCs. We therefore demonstrated the ability of this microculture platform to test
a range of initial hPSC seeding densities on Day -2 (Figure 2.6) and tested the effect of
seeding density on Olig2 expression. We observed notable differences in levels of cell-to-cell
adhesion in hPSC cultures by Day 0, only two days after initial seeding. Then, after 15
days of differentiation, we observed a broad trend that lower hPSC seeding density increases
OPC specification, and that lower cell seeding densities have a higher sensitivity to dosing
of key patterning cues, in this case SAG (Figure 4.5B). In a bio-manufacturing context,
lower initial densities will additionally benefit from less input material required to achieve
a similar output, increasing the overall yield (defined as output OPCs per input hPSCs).
Additionally, the risk of overcrowding and nutrient depletion is mitigated with lower initial
seeding densities and in culture vessels that are not amenable to intermittent cell passaging,
or where intermittent cell passaging is undesirable such as for bioreactor scale processes, a
lower seeding density on the order of 1E5 cells/mL appears optimal.
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Figure 4.4: Longitudinal study of proliferation and differentiation on micropillar platform.
A) Fluorescent confocal images of DsRed fluorescence from H9s cultured in 3D Matrigel
from Day -2 to Day 7. B) Quantification of GFP+ cells after 20 days of differentiation in
15 different combinations of RA and SAG concentrations with fluorescent confocal images
of dsRed (gray) and GFP (green) at ii. 2 μM SAG + 1000 nM RA and iii. 10 μM RA
+ 1000 nM RA conditions. Error bars represent 90% confidence interval from 4 technical
replicates. Morphological changes are visible on Day 34. C) Fluorescent confocal images of
dsRed between Day 45 and Day 80 of differentiation.
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Figure 4.5: Early culture parameters play a large role in OPC differentiation efficiency. A) Timeline of key parameters in
the early phase of OPC differentiation. B) i. Bright field images of 3D H9 microculture sites at Day 0 seeded with varying
cell densities and the immunocytochemistry images of Olig2 (red) expression at Day 15; scale bar represents 100 microns. ii.
Quantification of Day 15 Olig2 expression with respect to seeding density and SAG dose.
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Duration of Neural Induction period

We then hypothesized that the differentiation efficiency of hPSCs to OPCs would be
sensitive to the duration of the neural induction phase, based on the in vivo timeline of
embryonic neural tube formation. In vitro, we induced neural induction of hPSCs by
inhibition of BMP-4 signaling using the dual SMAD inhibition approach [121] with
LDN193189 and SB431542 and tested a range of neural induction durations before agonists
for additional key developmental signaling pathways, such as Wnt, Retinoic Acid (RA),
and SHH, were introduced. We observed a strong trend between neural induction time and
OPC specification such that shorter neural induction duration resulted in higher Olig2
expression (Figure B.1). These data also suggest a limited window of opportunity, roughly
2 days after the start of neural induction, for maximal cell competence to the subsequent
patterning cues Wnt, RA, and SHH.

Dose and Duration of Key Signaling Agonists

After neural induction, we examined the combinatorial and temporal effects of three
signaling cues that play a large role in the specification of the neural tube domain from
which oligodendrocyte progenitors arise: Wnt-3a (activated by CHIR99021, hereafter
referred to as CHIR), RA, and SHH (activated by Smoothened Agonist hereafter referred
to as SAG). It’s conceivable that to best recapitulate the signaling context from this
domain, one would fine-tune the in vitro culture doses of these cues and, therefore, we
assessed the Olig2 expression resulting from a full factorial combinatorial screen of these
cues (Figure 2.3). Most notably, we observed significant trends in Olig2 expression with
respect to RA dose and the duration of CHIR exposure at the beginning of differentiation
(Figure 4.6). These 3D results follow similar trends observed in an independent study of
2D OPC differentiation [47] that can be interpreted as evidence for this microculture
platform’s ability to be representative of differentiation outcomes in larger scale formats.
Further, we observed a bi-phasic relationship with respect to CHIR dosing such that 6 μM
resulted in the maximum proportion of cells co-expressing Olig2, potentially due to toxicity
of high CHIR doses because of the proportionally high DMSO content which was used as
the solvent for the CHIR solution (Figure B.1). This observation alludes to a larger
technical limitation in these assays – the use of DMSO as a solvent for numerous small
molecule signaling agonists could constrain the upper limit of dosing assays, especially
combinatorial assays, as previous reports have identified toxicity of hPSCs to DMSO above
0.5% [122]. To somewhat mitigate this confounding effect, it’s possible to concentrate stock
solutions of all small molecules as high as the solubility limit will allow.
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Figure 4.6: Interaction between RA dose and CHIR duration. i. Montage of 360 fluorescent confocal images representing 90
unique differentiation timelines on a single microchip stained for Hoechst (blue), Olig2 (red) after 21 days of differentiation. ii.
Trends in Olig2 expression at Day 15 and Day 21 in various CHIR and RA concentrations and durations.
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4.4.3 Strategic addition of signaling antagonists to modulate OPC
specification

The absence of certain signaling cues perhaps plays equal importance to the presence of
other signaling cues in the development of a target cell type; therefore we hypothesized that
by supplementing antagonists of signaling pathways strategically at strategic time intervals,
we could further enhance differentiation efficiency into OPCs. We identified three signaling
antagonists to apply toward this aim: GANTT61 is an antagonist of the SHH pathway,
IWP-2 is an antagonist of the Wnt pathway, and DAPT is an antagonist of the Notch
pathway. These molecules were added to inhibit basal signaling levels when the opposing
agonist was not present. We employed a full factorial analysis of these cues to also probe for
combinatorial interactions between the antagonists.

To further refine the measurement for OPC specification, we measured Nkx2.2 expression in
addition to Olig2 expression and quantified the proportion of cells co-expressing both OPC
markers. Most notably, a significant decrease in Olig2 was observed in response to DAPT
across all conditions tested. Interestingly, the same trend was not observed with respect
to Nkx2.2. This could point to a role for Notch signaling in maintaining or promoting
specification of Olig2+ progenitors – a hypothesis not previously examined to our knowledge
– and serves as preliminary evidence to test Notch agonists such as DLL-4, in follow-up
studies of OPC optimization. Then, we observed a slight increase in Olig2+ cells with
respect to IWP-2 dose when no GANTT61 was present, and a slight increase in Nkx2.2+
cells with respect to IWP-2 and GANTT61 dose, pointing to a potential interaction between
the two cues in inducing Nkx2.2 expression. The highest proportion of co-expressed cells
was observed at the highest IWP-2 and GANTT61 doses, and was not influenced by DAPT
exposure, however, the absolute number of co-expressed cells would be much higher in the
absence of DAPT if there is a higher proportion of Olig2+ cells in that population (Figure
4.7), and therefore might be the highest performing culture condition for the specification of
Olig2+Nkx2.2+ progenitors.
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Figure 4.7: Strategic addition of signaling antagonists to modulate OPC specification. A) Timing of addition for 3 novel
signaling cues GANTT61, IWP-2, and DAPT in the OPC differentiation protocol. B) i. Olig2, Nkx2.2, proportion of Nkx2.2+
Olig2+ cells in total Olig2+ at Day 21 in response to full factorial combinations of selected novel signaling antagonists. ii.
Immunocytochemistry images of co-stained Olig2 (red) and Nkx2.2 (green) cells; scale bar represents 100 microns.
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4.4.4 Temporal sensitivity of OPC specification revealed by varying
the signal dose over time

Based on the limited efficiency of coupling together agonists and antagonists for an abrupt
transition from activation to inhibition of signal, we hypothesized that a middle ground
where a gradual change in the delivery of a signal might lead to additional insights for
optimizing OPC production. Traditionally, dose levels of signaling cues have remained
constant throughout differentiation protocols, however, it’s conceivable that a dynamic
dose level could better recapitulate the natural developmental environment of certain
target cell types, for example, temporal changes in signal magnitude are observed in
neurodevelopmental biology of neural tube formation where the SHH gradient along the
dorso-ventral axis was mathematically modeled to reveal dynamic magnitude during the
weeks of pMN patterning. [123] Based on this, we applied the micropillar/microwell chip to
screen through numerous temporal profiles of SAG, as well as RA due to its analogous role
along the rostro-caudal axis during spinal cord development, by dividing the signal window
into “Early” and “Late” stages that were dosed independently to form constant, increasing,
and decreasing dose profiles over time (Figure 4.8A). Additionally, to further specify our
OPC measurement strategy, we measured Tuj1 expression and calculated the proportion of
Olig2+ cells that co-expressed Tuj1 to potentially identify any modulators of the balance
between Olig2+ cells that proceed down a motor neuron fate (also Tuj1+) versus an
oligodendrocyte fate (also Nkx2.2+).

To consider all measured phenotypes simultaneously, we applied a hierarchical cluster
analysis from which we were able to identify some patterns. As evident from the cluster
analysis, a wide range of endpoint phenotype proportions were found from varying the
temporal dosing of only two signaling cues, pointing to a very fine sensitivity to temporal
changes in signal exposure in these populations. We then created four categories of
endpoint marker expression profile that to further interpret the cluster analysis. Category
1, composed of phenotypes ranking low on OPC progenitor fate (low Olig2 and/or Nkx2.2
expression), all shared the low dosing of Retinoid Acid at 0.1 μM throughout the duration
of the experiment, further emphasizing the high impact of RA in OPC yield. In contrast,
Category 3, composed of highest Olig2 and Nkx2.2 expression as well as Olig2+Nkx2.2+
proportion, and the subset of conditions within Category 3 that exhibited the highest Olig2
expression correlated with the highest dose of “Early SAG”, however had negligible
differences across doses of “Late SAG”, perhaps pointing to a limited window of competence
to SAG signals in the early OPC differentiation phase. From a manufacturing point of
view, especially relevant for larger scale production scenarios, this insight could reduce the
necessary quantity of SAG by more than 50% to achieve maximal OPC differentiation.
Then, Category 4 points to a bi-phasic relationship between RA and Nkx2.2 expression, in
that high doses of RA of 1 μM in the Late stage of differentiation resulted in lower Nkx2.2
expression (Figure 4.8B, B.2) compared to a consistent dosing of RA at 0.5 μM throughout
the entire differentiation. It appears that Olig2 and Nkx2.2 are maximal at different RA
dosage levels (Figure 4.6C), and using the measurement of co-expressing Olig2+Nkx2.2+
to find an optimum might be logical here.
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Figure 4.8: Fine tuning temporal profiles of RA and SAG to influence OPC specification.
A) Timeline of early and late windows for RA and SAG exposure. B) i. Hierarchical cluster
analysis of multiple endpoint phenotypes in response to temporal changes in RA and SAG
dose during OPC differentiation. ii. Representative immunocytochemistry images of each
major category of endpoint population phenotype mix; scale bar represents 100 microns. iii.
Marker expression at Day 15 in response to time-varying doses of SAG.
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4.4.5 Holistic analysis and prioritization of key parameters to
influence OPC specification

We sought a comprehensive, yet concise, analysis to describe individual and combinatorial
effects of all 12 culture parameters and 1000 unique differentiation conditions involved in
this study. Therefore, we fit generalized linear models for the expression and co-expression
of Olig2 and Nxk2.2 to single and pairwise interaction effects of all 12 independent variables.
First, we identified significant parameters of interest for each phenotype measured using a
factorial ANOVA (Figure 4.9, B.3). After applying a Benjamini - Hochberg False Discovery
Rate correction for multiple comparisons [62], we fit an ordinary least squares model of
the statistically significant terms to the phenotype of interest. The parameter coefficients
were analyzed as a measure of relative influence on the expression of a certain endpoint
phenotype, such as Olig2+Nkx2.2+ cells, and could be interpreted as a sensitivity analysis
of key parameters on the OPC specification process (Figure 4.10). We also propose that this
be used as a set of parameters to prioritize in tuning future production scenarios as they are
observed to have the highest impact in marker expression.

The dose of Wnt signaling antagonist IWP-2 and the duration of Wnt signaling agnonist
CHIR were two culture parameters that had a statistically significant positive correlation
with all three phenotypes of interest. Taken together, it appears that the role of Wnt signaling
changes during the 21-day differentiation window of hPSCs to OPCs in that initially (Days
0-3) it promotes OPC differentiation and shifts to possibly inhibitory at later stages (Days
4-21). Then, RA was among the most impactful parameters in this study. As described in
the previous section, we observed different expression maxima between Olig2 and Nkx2.2
with respect to the dose of RA in the “Late RA” stage of the experiment. As revealed by
the model, a dose of Early RA positively correlated with higher co-expression of Olig2 and
Nkx2.2. Synthesizing these observations, a high dose of RA (1 μM) early in the differentiation
(Day 0-1) coupled with a medium dose of RA (0.5 μM) for the later stages (Days 2-21)
appears to maximize co-expression of Olig2 and Nkx2.2. Along the same lines, the dosing
of SAG during Days 4-10 of differentiation, termed “Early SAG”, was identified to be among
the most significant variables to the promote Olig2+Nkx2.2+ differentiation, whereas the
dosing of SAG during Days 11-21 of differentiation, termed “Late SAG”, has a negligible
effect. Overall, it’s evident that there’s much room to improve in the area of temporal
dosing of key signaling cues whereby independently tuning the dose exposure at select time
windows of differentiation could benefit the process by either increasing expression of target
markers of interest or identifying negligible contributions to simplify a protocol and reduce
resources needed to achieve the same outcome.
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Figure 4.9: Factorial ANOVA model of individual and combinatorial effects of 12 culture parameters on expression of key
markers in OPC specification. A) Identification of statistically significant culture parameters using a Factorial ANOVA of all
single and pairwise effects on Nkx2.2 expression subject to the Benjamini - Hofsberg False Discovery Rate correction.
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Figure 4.10: Sensitivity Analysis of individual and combined culture parameters. Effect magnitude of significant culture
parameters for expression of Olig2, Nkx2.2, and co-expression Olig2 and Nkx2.2
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4.4.6 Microculture chip can be applied to multiple types of 3D
hPSC differentiation screens

We then applied the system to screen through 90 unique hPSC differentiation timelines for
Tyrosine Hydroxylase+ midbrain dopaminergic (mDA) neurons [117] to demonstrate the
generalizability of this methodology platform (Figure 4.11). Here, exposure of CHIR was
divided into three periods (early, middle, late) and dosage for each period was varied
independently. This screening strategy uncovered a key window of CHIR competence
between Days 3-7, a negligible effect of CHIR between Days 8-11 and an inhibitory effect of
CHIR between Days 12-25 of mDA differentiation. Of note, the immunofluorescence
microscopy readout used in this methodology is in the form of image data, and therefore
segmenting and scoring dense cell populations by expression of cellular markers localized to
the cytoplasm, such as Tyrosine Hydroxylase and Tuj1, can be less straightforward than
nuclear localized markers, such as Olig2 and Nkx2.2, and therefore should be considered in
the design of the screening strategy.
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Figure 4.11: A generalizable platform for screening parameters for optimization of CRT
differentiation. A) Timeline of small molecule addition for differentiation of dopaminergic
neurons from human pluripotent stem cells. B) Montage of 90 unique differentiation timeline
to test temporal profiles of CHIR dose. C) Immunocytochemistry images of high and low
proportions of tyrosine hydroxylase+ (yellow) neurons (red).
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4.5 Conclusion

We demonstrate the versatile capabilities of a unique microculture platform for 3D
differentiation screening and optimization of hPSC-derived cell therapies whereby over
1000 unique OPC differentiation timelines, corresponding to roughly 2000 GB of
fluorescence confocal microscopy data, were sampled utilizing 0.2% of the reagent volumes
of a standard 96-well plate format. The statistical modeling with the robust dataset
enabled empirical optimization and identified differential sensitivities of differentiation
efficiency to certain culture parameters across time. As stem cell therapeutics continue to
emerge in the clinic, robust processes for 3D differentiation screening and optimization
serve to accelerate the pace of discovery and development.
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Chapter 5

Assessment of Stirred Bioreactor
Configuration for Upscaling OPC
Production: A Pilot Study

5.1 Introduction

The promising outlook for hPSC-OPCs so far leads many to consider the development of
manufacturing processes to meet the patient demand for such hPSC-derived therapeutics.
Roughly 250,000 patients in the U.S. suffer by some form of SCI, with the total growing
annually by an estimated 15,000 new patients. [108] Clinical trials of hPSC-OPCs in humans
were recently dosed at 20 million cells per patient, [105] amounting to over 1 trillion OPCs
required to meet the total patient demand today. It is therefore imperative to develop
systems that enable scalable and GMP-compliant production to follow upstream screening
and optimization of these therapies (Figure 5.1).

Toward this aim, various bioreactor configurations, including rocking platforms [124],
spinner flasks [125], continuous stirred tank reactors [126], and rotary perfusion
vessels [127], have been developed to accomodate larger volumes of hPSC cultures for
expansion and/or differentiation into a range of target cell types [128,129].

Additionally, 3D culture systems, including suspensions of microcarriers [130], cell
aggregates, and hydrogel microencapsulations, that are compatible across many bioreactor
configurations have demonstrated strong potential for larger scale and higher
yield [114, 117, 131] of hPSC expansion and differentiation processes as well as compliance
with Good Manufacturing Practice (GMP) [115–117], in contrast to 2D counterparts.
Microencapsulation of cells in thermoresponsive hydrogels is of additional interest because
they facilitate cell retrieval without harsh chemical or mechanical gel degradation at the
end of the production process [115,132].

Here, we describe a pilot study to assess a stirred bioreactor configuration for the upscaling
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Figure 5.1: Schematic of upstream Screening and downsteam Upscaling for robust production
hPSC-derived CRTs. Thousands of culture conditions are screened for optimal marker
expression profile of cell type in micro-scale systems and the optimal protocol is translated
first to bench-scale systems and ultimately to large-scale culture systems to produce enough
volume to meet patient needs.

of 3D thermoreversible gel-encapsulated OPC production from hPSCs. Initially, we use
computational modeling to predict and quantify the effect of stirred agitation on glucose
concentration and shear stress profiles at a cross-section of the bioreactor vessel. Then, we use
a pilot bioreactor system to measure hPSC viability, proliferation, and OPC differentiation
with and without stirred agitation.

5.2 Experimental Procedures

5.2.1 Computational Modeling of Fluid and Chemical Dynamics

COMSOL was used to model the physicochemical macroenvironment within our bioreactor
to predict the shear rate and glucose consumption rate for stirred and static conditions in
the scaled up differentiation. Parameterization details were extracted from experimental
data [133] and are found in Table B.3.

5.2.2 hPSC subculture

Human embryonic stem cells (H9s, NIH Stem Cell Registry 0062) were subcultured in
monolayer format on a layer of 1% Matrigel and maintained in Essential 8 medium during
expansion. At 80% confluency, H9s were passaged using Versene solution and replated at a
1:8 split.

5.2.3 3D thermoreversible hPSC culture and differentiation

Human embryonic stem cells (H9s, NIH Stem Cell Registry 0062) were dissociated with
Accutase and single cells suspended in E8 medium with 10 μM Y-27632 were seeded in
Mebiol Gel (CosmoBio) in an annulus at the outer perimeter of a 6-well plate at a cell
density of 1E5 cells/mL and expanded as previously described [115] for two days prior to
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differentiation. For differentiation, cells were cultured in medium containing small molecule
combinations and doses according to Table B.1.

5.2.4 Viability and Proliferation Assays

A 200 microliter portion of the 3D gel was resected from the culture and placed in an
eppendorf tube containing ice cold PBS to liquify the mebiol gel and release cell aggregates.
The eppendorf tube was centrifuged for 1 minute and resuspended in PBS containing Calcein
AM, Ethidium Homodimer, and Hoechst (dilution details in Table B.2). The cel aggregates
were then replated onto a flat bottom well plate and incubated for 20 minutes prior to
imaging using a wide-field fluorescent microscope. The diameter of all cell aggregates was
measured and used as a proliferation index between the stirred and static culture conditions.
Cell aggregates were imaged using a Zeiss Axio Observer epi-fluorescent microscope.

5.2.5 Immunocytochemistry Analysis

On Day 21, cell aggregates were transplanted into laminin coated culture slides and on Day
22 were fixed in 4% parafomaldehyde for 15 min. Then, cultures were washed twice in PBS
for 5 min each and placed permeabilized in 0.25% Triton-X + 5% donkey serum in PBS for
10 min. After permeabilization, the wells were washed 5 times in 5% donkey serum for 5 min
each and incubated in primary antibodies of interest diluted in PBS+donkey serum (dilution
details in Table S2) and stored overnight at 4◦C. After primary staining, wells were washed
twice in PBS for 5 min each and then incubated in the corresponding secondary antibodies
(dilution details in Table B.2) at 37◦C for 2 h. After secondary staining, wells were washed
twice in PBS for 5 min each. Cells were imaged using a Zeiss Axio Observer epi-fluorescent
microscope and scored for marker expression using FIJI image analysis software [51]. In brief,
background fluorescence was removed from all images using a rolling bar radius algorithm and
standard feature extraction applications were used to quantify cellular marker expression.
Quantified image data was then imported into Python for statistical data analysis and data
visualization.
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Figure 5.2: Quantitative modeling in COMSOL of physicochemical environment at cross
section of bioreactor. A) Glucose concentration with and without agitation (50 RPM) B)
Shear stress profile across bioreactor section with 50 RPM stir rate.

5.3 Results and Discussion

5.3.1 Physicochemical modeling of macroenvironment in stirred
bioreactor

Computationally, COMSOL was used to create a dynamic quantitative model of the culture
environment within a 50 mL bioreactor vessel and provide estimates of the magnitude of
chemical and shear force gradients within a stirred setting (Figure 5.2). The model showed
significant differences in the chemical environment across the bioreactor with (50 RPM) and
without agitation for bioreactor vessels with a diameter of 8 cm. Additionally, the model
calculated shear forces caused by the stirring to be on the order of 0.1 Pa, below previously
reported limits for neural differentiation from hPSCs in stirred suspension cultures [134].

5.3.2 Effect of agitation on gel-encapsulated hPSC viability,
proliferation, and OPC differentiation

Experimentally, we created a pilot scale bioreactor to assess the effect of stirred agitation
on hPSC viability, proliferation, and subsequent OPC differentiation. A single well inside a
6-well plate was used as the bioreactor vessel, which has a diameter of 3.5 cm. At this pilot
scale and based on previous modeling (Figure 5.2), we did not anticipate major nutrient
deficiencies from diffusion limitations across the bioreactor to inhibit cell growth and
metabolism, therefore could isolate the effect of stirring on hPSC expansion and
differentiaion.

hPSCs were encapsulated in thermoreversible gel in single cell form in the pilot scale
bioreactor (Figure 5.3) and were placed in OPC differentiation media starting Day 0. On
Day 4, stirring at 0 or 50 RPM was introduced. No observable effects on gel integrity were
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observed during the course of agitation. On Day 10, measurements of viability and
neurosphere growth were recorded (Figure 5.4). No significant differences were observed
between the distribution of neurosphere size in static (0 RPM) and stirred (50 RPM)
conditions, however we observed an increased proportion of neurospheres under 50 microns
in diameter in the static condition. This could potentially be explained by the predicted
glucose levels (Figure 5.2) at the outer edges of the bioreactor in the static condition versus
stirred condition, where a depletion and lack of transport of nutrients limits the expansion
rate of a select portion of cells positioned on the edges.

We then wanted to determine if the stirred environment would impact the differentiation
of hPSCs into OPCs. The OPC differentiation was carried out until Day 21 and Olig2
expression was measured within the pilot stirred bioreactor (Figure 5.5). Qualitatively, we
observed aggregates with comparable levels of Olig2+ cells between the static and stirred
culture conditions, indicating that the shear forces present at 50 RPM stirring conditions
does not inhibit OPC specification. Overall, we found a favorable outlook for the further
scale up of OPC differentiation within thermoreversible gel in stirred bioreactors, such as
spinner flasks or continuous stirred tanks reactors.
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Figure 5.3: A) Schematic of OPCs encapsulated in thermoresponsive gel within spinner
flask bioreactor. B) Experimental setup for pilot experiment i. 6 -well dish with hPSCs
encapsulated in thermoreversible gel on stirplate. ii. static and stirred 50 RPM wells of 3D
hPSC culture in 6-well plate.
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Figure 5.4: i Bright field image of encapsulated neurospheres in bioreactor after 10 days of
growth ii. Viability assay iii. Distribution of growth in thermoresponsive gels in stirred 50
RPM and static culture environments measured by neurosphere diameter.

Figure 5.5: Immunocytochemistry images of Olig2 expression in 3D cellular aggregates after
21 days of differentiation in static (top) and stirred 50 RPM (bottom) 3D cultures.
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5.4 Conclusion

To work toward meeting the need for robust upscaling strategies for hPSC-derived cell
therapies, we describe a pilot scale study to assess the compatibility of stirred agitation
bioreactor vessels for thermoreversible gel microencapsulation-based derivation of OPCs
from hPSCs. Combining computational and experimental methods, we found that stirred
agitation at 50 RPM would help mitigate large concentration gradients in glucose for
bioreactors with a diameter of 8 cm, and that the shear forces caused by stirring at 50
RPM would not inhibit hPSC viability, proliferation, or OPC specification. Overall, these
results are promising for further upscaling to spinner flask bioreactors.
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Appendix A

Supplemental Material for Adult Neural
Stem Cell Study
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Figure A.1: Collection of in situ hybridization (ISH) data from the Allen Mouse Brain Atlas
for mRNA expression of select signaling cues in the adult mouse hippocampus
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Figure A.2: Complete marginal means interaction grid for Edu+.
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Figure A.3: Complete marginal means interaction grid for GFAP expression.
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Figure A.4: Complete marginal means interaction grid for βIII-Tubulin expression.
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Figure A.5: Factorial ANOVA for proliferation with the Benjamini - Hochberg threshold
for multiple comparisons at a significance level of 0.05 and effect magnitudes of significant
combinations.
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Figure A.6: Factorial ANOVA for GFAP expression with the Benjamini - Hochberg threshold
for multiple comparisons at a significance level of 0.05 and effect magnitudes of significant
combinations.
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Table A.1: Adult Hippocampal Neural Progenitor Cell Culture Reagent Details

Cell Culture Reagents Experimental Details Manufacturer, Cat. No

Human FGF-2 1-20 ng/mL Peptrotech, 100-18B
Mouse SHH C25II, N-Terminus 1 μg/mL R&D, 464-SH-025/CF

Multivalent Ephrin 400 nM C. Yang, Schaffer Lab
Human Wnt-3a 200 ng/mL R&D, 5036-WN-010/CF

Bovine Serum Albumin 0.5% Sigma, A4503-100G
Human BMP-4 50 ng/mL R&D, 314-BP-010/CF
Human TGF-β 1 50 ng/mL R&D, 240-B-002/CF
N-2 Supplement 1:50 Life Technologies, 17502-048

Accutase - Life Technologies, A11105-01
poly-L-Ornithine HBr 10 μg/mL Sigma, P3655-100MG
Natural mouse Laminin 5-100 μg/mL Invitrogen, 23017-015
Retinoic Acid, all trans 1 μM Enzo, BML-GR100-0500
Fetal Bovine Serum 1% Fischer, SH3007001

DMEM-F12 - Life Technologies, 11039-047
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Table A.2: Fluorescence Cytochemistry Reagents Details

Staining Reagents Dilution Details Manufacturer, Cat. No

Hoechst 1:2000 Life Technologies, H3570
Calcein AM 1:2000 Invitrogen, L-3224

Ethidium Homodimer 1:500 Invitrogen, L-3224
Click-It EdU kit As described in kit Life Technologies, C10340
Rabbit anti-GFAP 1:1000 Abcam, ab7260

Mouse anti-βIII Tubulin 1:1000 Sigma, T8578-200UL
Donkey anti-Rabbit Cy3 1:250 Jackson, 711-165-152
Donkey anti-Rabbit 647 1:250 Jackson, 711-605-152
Donkey anti-Mouse 488 1:250 Jackson, 711-545-152

Donkey Serum 5% Sigma, D9663-10ML
Triton X-100 0.25% Sigma, X100-100ML
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Figure B.1: Duration of Neural Induction affects OPC differentiation efficiency. A) Timeline
of soluble signaling cues and three different durations of neural induction before addition of
additional patterning cues CHIR, RA, and SAG. B). Olig2, Nkx2.2, proportion of Nkx2.2+
Olig2+ cells in total Olig2+ population at Day 21.
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Figure B.2: Temporal profiles of RA and SAG influence OPC specification. A) Timeline
of early and late windows for RA and SAG exposure. B) Olig2, Nkx2.2, and proportion of
Nkx2.2+ Olig2+ cells in total Olig2 at Day 21 in response to time-varying doses of RA and
different CHIR concentrations. C) Olig2, Nkx2.2, proportion of Nkx2.2+ Olig2+ cells in
total Olig2+, and proportion of Tuj1+ Olig2+ cells in total Olig2+ population at Day 15
and Day 21 in response to time-varying doses of SAG.
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Figure B.3: Iterative process to improve Factorial ANOVA model.
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Table B.1: Human Pluripotent Stem Cell Culture Reagents

Cell Culture Reagents Dosing Manufacturer, Cat. No

Y-27632 (Rock Inhibitor) 10 μM SelleckChem, S1049
CHIR-99011 varied Tocris, 4423

Retinoic Acid, all trans varied Enzo, BML-GR100-0500
SAG dihydrochloride varied Xcessbio, M60081-2

DAPT varied SelleckChem, S2215
IWP-2 varied Tocris, 3533

GANTT61 varied Enzo, ALX-270-482-M001
DMSO 100% Sigma, D2650-5X5ML

Glutamax Supplement 1:100 ThermoFisher, 35050061
B27 supplement 1:50 ThermoFisher, 17504-044
N-2 Supplement 1:50 Life Technologies, 17502-048
Accutase Solution - Life Technologies, A11105-01
Versene Solution - ThermoFisher, 15040066
Essential-8 Media 100% Life Technologies, A1517001

DMEM-F12 50% Life Technologies, 11039-047
Neurobasal Media 50% ThermoFisher, 10888022

hESC-qualified Matrigel 50% Corning, 354277
Penicillin/Streptomycin 0.50% ThermoFisher, 15140122
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Table B.2: Fluoresence Cytochemistry Reagent Details

Staining Reagents Dilution Details Manufacturer, Cat. No

Hoechst 1:2000 Life Technologies, H3570
Calcein AM 1:2000 Invitrogen, L-3224

Ethidium Homodimer 1:500 Invitrogen, L-3224
Mouse anti-Nkx2.2 1:200 DSHB, 74.5A5
Goat anti-Olig2 1:40 R&D Systems, AF2418
Mouse anti-TH 1:1000 Pel-Freez, P40101-150
Mouse anti-Tuj1 1:1000 Sigma, T8578-200UL

Donkey anti-Rabbit Cy3 1:250 Jackson, 711-165-152
Donkey anti-Goat 647 1:250 Jackson, 705-605-147
Donkey anti-Mouse 488 1:250 Jackson, 711-545-152

Donkey Serum 5% Sigma, D9663-10ML
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Table B.3: Parameterization Details for Computational Fluid and Chemical Dynamics
Modeling of Stirred Bioreactor in COMSOL

Biological Legend

PSC conc_0, cells/mL gel 1.00E+05 _0 = at time 0
n, days 10 _n = at time n

growth rate, dayŝ-1 0.4 calculated
PSCs_0, cells 5.00E+05 measured
PSCs_n, cells 1.45E+07

viability fraction 0.8
PSC conc_0, cells/mL media 1.00E+04
PSC conc_n, cells/mL media 2.89E+05

Chemical

Glucose_0, mM 13
Glucose_7, mM 5

Glucose degradation, mM/cell/day -5.53E-07
Lactate_0, mM 0.5
Lactate_7, mM 14

Lactate production, mM/cell/day 9.33E-07
Dissolved O2_0, % 100
Dissolved O2_7, % 20

Dissolved O2 rate %/cell/day -5.53E-06
Incubator CO2, % 5

pH_0 7.2
pH_7 6.5

pH change rate /cell/day -4.84E-08

Physical

Gel Volume, mL 5
Media Volume, mL 50
Media density, g/mL 1
Media viscosity, Pa*s 8.90E-04
Media height, cm 1.1
Vessel radius, cm 3.8
Stir bar length, cm 1.25
Stir bar width, cm 0.3
Stirrer setting 1

Stir Bar rotational velocity, rpm 36.6
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